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ABSTRACT OF DISSERTATION 
 
 
TILLAGE AND FERTILIZATION INFLUENCES ON AUTOTROPHIC 
NITRIFIERS IN AGRICULTURAL SOIL 
 
Nitrification is a biological oxidation of NH3 to NO2- and then to NO3-. 
Understanding how the nitrifier community responds to agricultural management is 
essential because the community composition is complex and functional distinction of 
subgroups occurs. Better managing nitrifiers could benefit the environment by 
increasing nitrogen (N) fertilizer use efficiency, decreasing NO3- leaching, and 
reducing NO and N2O emissions. This study examined how long-term N fertilization 
and tillage influenced nitrifier density, ratios, nitrification rates, and the community 
structure of ammonia-oxidizing bacteria (AOB), ammonia-oxidizing archaea (AOA), 
and nitrite-oxidizing bacteria (NOB). The study site was a long-term (>40 years) 
continuous maize (Zea mays L.) experiment with three N fertilization rates (0, 168, 
and 336 kg ha-1) and either no-tillage (NT) or plow tillage (PT). Most Probable 
Number method was used to estimate the density of AOB and NOB; the shaken slurry 
method was used to measure potential nitrification rates; PCR-denaturing gradient gel 
electrophoresis (DGGE) was used to analyze nitrifier communities. Tillage, 
 
 
fertilization, and their interaction all significantly influenced the AOB and NOB 
densities, the ratio of AOB to NOB, and potential nitrification rate. Nitrifier densities 
and potential nitrification rates increased with increased N fertilization; NOB density 
increased faster than AOB density with fertilization. The influence of tillage on 
nitrification was different for different fertilization rates. The trends for nitrifier 
density and potential nitrification rate were not consistent. Nitrifier community 
structure was influenced by sample season, N fertilization rates, tillage, and their 
interaction. Different nitrifier groups had different responses to the treatments. The 
AOB became more diverse with increasing N input; tillage rather than N fertilizer 
played a dominant role affecting the AOA community; two NOB genera had different 
responses to N fertilization rates: Nitrobacter diversity increased with more N applied; 
Nitrospira was the opposite. Unique bands/members were discovered in different 
treatments, manifesting environmental selection. Long-term field trials were useful in 
better understanding how soil management influenced the relationship between 
nitrifier densities, nitrification rates, and community structure, which may facilitate 
new approaches to optimize nitrification and provide new clues to discover which 
environmental factors most influence the nitrifier community in agroecosystems. 
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CHAPTER ONE 
Introduction 
Nitrification and Nitrifiers 
Nitrogen (N) is an essential element as a major component of proteins and nucleic 
acids for all life forms to maintain growth and reproduction. Although nitrogen is one 
of the most abundant elements on Earth, nitrogen deficiency and therefore fertilizer 
application are common in agricultural systems worldwide. In soil, the most available 
nitrogen for plants and microorganisms are the inorganic ions ammonium (NH4+) and 
nitrate (NO3-). The most reduced form of nitrogen (NH3/NH4+) is biologically and 
sequentially oxidized to nitrite (NO2-) and NO3- (the most oxidized form of nitrogen) 
during lithotrophic metabolism and this nitrification process is an essential link in the 
biogeochemical nitrogen cycle in all ecosystems. 
Nitrification is a natural process, which is performed by chemolithotrophic 
bacteria, heterotrophic bacteria, and fungi (Castignetti and Hollocher, 1984). In soil, 
autotrophic nitrification is considered the most important process (Pedersen et al., 
1999). In aerobic environments, autotrophic nitrification 
(NH3→NH2OH→NO2-→NO3-) takes place in two steps: first, ammonia-oxidizing 
bacteria (AOB) and ammonia- oxidizing archaea (AOA) oxidize NH3 to 
NO2- (Könneke et al., 2005): 
 NH3 + 1.5 O2 → NO2- + H+ + H2O  
Second, NO2- oxidizing bacteria (NOB) oxidize NO2- to NO3- (Lees and Simpson, 
1957):  
2 
 
NO2- + 0.5 O2 → NO3-  
All known AOB are obligate chemolithotrophs. Although a very few AOB can use 
organic carbon sources, they still need NH3 as the sole energy source. Ammonia 
oxidizing archaea are probably mixotrophs (Tourna et al., 2011). Most NOB are 
chemolithotrophs with a few heterotrophs or mixotrophs (Arp and Bottomley, 2006). 
Autotrophic bacteria and archaea play the primary role in nitrification (oxidation of 
both NH3 and NO2-) in agricultural soils examined to date (Norton, 2008). 
   Nitrosomonas europaea and Nitrobacter winogradskyi were the first isolated 
AOB and NOB, respectively, obtained by Sergei Winogradsky in 1892. The genome 
sequences of N. europaea and N. winogradskyi were published in 2003 and 2006, 
respectively (Chain et al., 2003; Starkenburg et al., 2006). Until now, Nitrosomonas 
and Nitrobacter have been the most frequently studied among nitrifiers due to their 
rapid growth in pure culture relative to others. Nitrifiers are notoriously slow growing 
and difficult to maintain as pure cultures. Although AOA are ubiquitous and seem to 
be more environmentally versatile than AOB the first isolation of AOA, 
Nitrosopumilus martimus, was not reported until 2005 (Könneke et al., 2005).  
The first ammonia oxidation reaction is generally regarded as the rate-limiting 
step of nitrification as NO2- is rarely accumulated (Kowalchuk and Stephen, 2001), 
and it contains two steps. First, NH3 is oxidized to hydroxylamine (NH2OH): 
NH3 + O2 + 2H+ + 2e- → NH2OH + H2O 
which is catalyzed by ammonia monooxygenase (AMO). Then, NH2OH is oxidized to 
NO2-: 
3 
 
NH2OH + H2O → HONO + 4H+ + 4e- 
which is catalyzed by hydroxylamine oxidoreductase (HAO) (Arp et al., 2002). 
 
Global Environmental Issues and Nitrification 
   People are more and more concerned about environmental issues due to global 
warming, overpopulation, and multiple forms of pollution. In the foreseeable future, 
with humanity’s population increasing and industrial development nonreversible, 
anthropogenic activities will inevitably impact the natural environment and challenge 
the Earth’s carrying capacity. 
   The reality of anthropogenic global warming is supported by a mass of scientific 
evidence from climate experts, and this consistent agreement has been reached since 
the 1990s (Cook et al., 2013). The increasing atmospheric concentrations of 
greenhouse gases contribute to global warming (that absorb and emit infrared 
radiation to warm the Earth’s surface) which will further cause more frequent and 
more severe weather extremes such as heavy rainfall/snowfall, heat waves, drought 
(Rosenzweig et al., 2001), and other environmental issues, beginning with marine 
ecosystem degradation (Mora et al., 2013). Carbon dioxide (CO2), methane (CH4), 
and nitrous oxide (N2O) are the primary greenhouse gases on Earth (Snyder et al., 
2009).  
   As a byproduct of nitrification, N2O has 310 times the global warming potential 
of CO2 and accounts for around 6% of anthropogenic global warming; from 10 to 50% 
of anthropogenic N2O emissions are produced by agricultural soils (Chen et al., 2008). 
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Additionally, N2O can cause ozone layer depletion in the stratosphere (Anderson and 
Levine, 1986). Nitric oxide (NO), another trace gas by-product of nitrification, is also 
detrimental to the environment. It can cause ozone layer depletion in the troposphere 
by photochemical reaction and can be converted to nitrogen dioxide (NO2) and nitric 
acid, which are major components of acid rain (Akiyama et al., 2004). 
   Nitrate, the end production of nitrification, is a main source of available N for 
plants and microorganisms. However, NO3- is very easily leached rather than retained 
by soils as a result of its negative charge and high water solubility. Nitrate leaching 
from agricultural systems causes water contamination by raising the concentration of 
NO3- in ground- and surface-water, which leads to eutrophication, algal blooms, and 
often fish kills in rivers and lakes. In drinking water, NO3- can be harmful to both 
human and livestock (Di and Cameron, 2002). 
  In addition to serious environmental problems, inefficient and excessive 
nitrification means considerable waste of N fertilizer, which is commonly applied 
worldwide.  
 
Mechanism of Trace Gas Production during Nitrification 
   Autotrophic nitrifiers produce NO and N2O as byproducts during hydroxylamine 
(NH2OH) oxidation, which has been tested with hydroxylamine oxidoreductase 
(HAO) purified from Nitrosomonas europaea (Schmidt strain) (Hooper and Terry, 
1979). There are two proposed pathways for NO and N2O production: 1) HAO 
directly oxidizes NH2OH to NO, and then NO is reduced by nitric oxide reductase 
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(NOR) to N2O; 2) NO2-, oxidized from NH2OH by HAO, is reduced by 
copper-containing nitrite reductase (NirK) to NO, and then NO is reduced by nitric 
oxide reductase (NorB) to N2O (Stein, 2011). The two pathways could happen at the 
same time. The nitrite reductase (Nir) and nitric oxide reductase (Nor) in AOB can 
reduce NO2- to NO and N2O (Whittaker et al., 2000). The periplasmic copper-type 
nitrite reductase (NirK) improves tolerance of the AOB Nitrosomonas europaea to 
NO2- toxicity; NirK-deficient cells produce more NO and N2O than wild-type cells, 
which indicates that reducing NO2- might not be the dominant path producing NO and 
N2O during nitrification (Beaumont et al., 2002).  
Soil is an important source of NO and N2O (Bouwman et al., 1993) which is 
mainly derived from nitrification and denitrification processes (Williams et al., 1992). 
Nitrification dominates NO and N2O production when soil moisture contents are 
lower than 90% WHC (maximum water holding capacity) and 80% WHC, 
respectively (Bollmann and Conrad, 1998), and includes most conditions in 
agriculture soils. Compared to heterotrophic nitrifiers, for example, chemoautotrophic 
ammonia-oxidizing bacteria were the predominant source of NO and N2O in a no-till 
and winter wheat-fallow cropping rotation agricultural soil (Tortoso and Hutchinson, 
1990). There is no direct evidence for heterotrophic nitrifiers producing NO and N2O. 
The intermediate product of nitrification, NO2-, also can react with Fe (II) (e.g. 
siderite) in soil, chemically producing Fe (III) and N2O (Rakshit et al., 2008).  
Nitrogen fertilizer application and higher organic C content can both increase the 
NO and N2O emissions in agricultural fields (Bouwman et al., 2002). Compared to 
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conventional till, no-till soil has greater potential for N2O loss based on laboratory 
incubation (Liu et al., 2007).  
 
Tillage and Fertilization Influences on Nitrification 
As global population and agricultural production consumption increase, large N 
fertilizer (NH3, NH4+, and urea) inputs are needed. Ammonia, as a major N fertilizer 
input to cropland, is an available N source in the form of NH4+ for most plants and 
microorganisms, and also inevitably transformed by nitrification. Nitrate leaching and 
the loss of NO and N2O during nitrification help explain the dissipation of N input 
and relevant environmental risks.  
Nitrification can be significantly influenced by soil management, such as nitrogen 
fertilization, tillage, and crop rotation. Understanding how soil management 
influences the nitrifier community and further nitrification efficiency is valuable and 
important for a sustainable system (Phillips et al., 2000). Nitrification is a natural 
process, but inappropriate soil management will unsuitably accentuate it, and further 
cause lower N fertilizer efficiency and environmental problems.  
Nitrogen fertilizer is one of the main sources of substrate for nitrification, so it has 
the potential to influence the nitrifier population, nitrification rate, and nitrifier 
community. Urea application stimulated net nitrification in the organic horizon (5-10 
cm) and increased the AOB and NOB population in Myrtillus-type and Calluna-type 
pine forest soils in southern Finland (Martikainen, 1984; Martikainen, 1985). In 
non-fertilized acid heath soils, adding NPK fertilizer (14% N as NH4NO3, 16% P2O5, 
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18% K2O and trace-elements) increased the number of AOB and NOB in the organic 
layer (0-1 cm thick) and upper 5 cm of the mineral layer, and addition of NH4+ to soil 
suspensions stimulated nitrification as more NO3- was produced (De Boer et al., 
1998). In a Scots pine (Pinus sylvestris L.) forest soil in Finland, urea fertilization 
significantly increased the population of AOB (as determined by MPN) and there was 
a positive correlation between the release rate of NH4+ and the increase of AOB 
population (Aarnio and Martikainen, 1995).  
The response of AOA to more N resources differs from that of AOB. Applying 
cow urine to grassland soil increased nitrification and the AOB population but not the 
copies of AOA amoA, which indicated that the increased ammonia oxidation was 
mainly driven by AOB rather than AOA, and that the AOA population might not be 
stimulated by N fertilizer (Di et al., 2009). The newly discovered AOA are more 
abundant than well-known AOB based on quantifying the amoA gene, with the 
relative ratios of AOA/AOB ranging from 232 to 1.5 in 12 different topsoils (0-10 cm) 
(Table 1) and compared to AOA population, the fluctuation of AOB population was 
greater (Leininger et al., 2006). Compared to AOB, AOA has the adaptability to and 
preference for low NH4-N conditions. The half-saturation constant Km of ‘Candidatus 
Nitrosopumilus maritimus’ strain SCM1 (AOA) is 0.133 µM ammonium, more than 
200-fold lower than that (30 — 3,300 μM) of AOB investigated (Urakawa et al., 
2011). Nitrosomonas europaea, for example, could not be activated by 0.2 µM 
ammonium (Martens-Habbena et al., 2009). The different physiological 
characteristics of AOA and AOB and the highly heterogeneous soil environment even 
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within a small-scale (cm) explain the coexistence of these two similar energy (NH3) 
competitors (Morimoto et al., 2011).  
Table 1: Ratios of AOA/AOB in 12 different soils (Leininger et al., 2006). 
Ratio of 
AOA/AOB 
Soil type Location 
232 Sandy loam, non-fertilized Bad Lauchstädt, Germany 
149 Sandy loam, mineral & organic fertilizer Bad Lauchstädt, Germany 
93 Silty clay loam, plowed Rommersheim, Germany 
78 Sandy loam, mineral fertilizer Bad Lauchstädt, Germany 
70 Silty clay loam, non-tilled Rommersheim, Germany 
53 Sandy grassland Darmstadt, Germany 
14 Limestone grassland Munich, Germany 
5.4 Sandy soil, growing grapes Bergen, Norway 
2.8 Sandy soil, growing barley Bergen, Norway 
2.5 Arable grassland Bergen, Norway 
2.3 Sandy soil, growing tomato Santorini, Greece 
1.5 Pasture  Bergen, Norway 
 
Even though AOA appear to be numerically dominant in soil, AOB were the 
functionally dominant group for NH3 oxidation in a maize-wheat-barley rotated 
agricultural soil analyzed by molecular fingerprinting of amoA genes and DNA stable 
isotope probing (SIP) to detect CO2 assimilation of NH3-oxidizing prokaryotes (Jia 
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and Conrad, 2009).  
It seems obvious for the nitrification rate to increase with increasing nitrifier 
population, but it does not mean that all nitrifying populations make an equal 
contribution to the nitrification rate. Clearly, AOA and AOB do not contribute equally 
to nitrification rate, nor do different AOB species, so the dynamics of community 
structure of each nitrifier group has also been considered. The composition of AOB in 
soil (only Nitrosospira) and MPN samples (both Nitrosospira and Nitrosomonas) 
differed when analyzed by molecular approaches (Phillips et al., 2000).  
In agricultural systems, I know that N fertilization leads to a population expansion 
of nitrifiers, but I do not clearly know how N fertilizer influences the nitrifier 
communities, and inconsistent results occur in the literature. The community structure 
of AOB in a 16-year fertilizer experiment with sandy loam soil under a rotation of 
winter wheat (Triticum aestivum L.) and summer maize (Zea mays L.) in China 
concluded that N fertilizer caused AOB community shifts and that the AOB 
community was more diverse in N-fertilized treatments (Chu et al., 2007). Another 
Chinese 16-year continuous fertilization experiment in a wheat-maize rotation system 
with agri-udic ferrosols (silty clay) indicated that the AOB community structure had 
little difference among different treatments, but AOA community composition had 
pronounced differences, and both AOA and AOB played an important role in 
nitrification (He et al., 2007). The only distinct difference of these two studies was the 
soil type, which was probably the main reason causing the different results. Climate, 
fertilizer treatment duration, crop type, and a series of other agricultural management 
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practices could also influence nitrifier communities. 
In addition to fertilization, tillage is a common management variable in 
agricultural systems. Different types of long-term tillage will affect many soil 
physical and chemical properties, such as the content of organic C and nitrogen in the 
surface soil, the water retention capacity, the aggregation status, the heterogeneity of 
chemical properties, and nutrient availability. Plow tillage is a mixing process, which 
helps to aerate surface soil, makes nutrient evenly distributed, and destroy weeds. On 
the other hand, it also causes problems such as soil erosion, aggregate degradation, 
soil compaction, and organic matter loss. No-till management causes less soil 
disturbance and results in plant residues and fertilizer remaining on the soil surface 
(Blevins et al., 1977). In a no-till system, the reduced disturbance and greater residues 
increase the amount of organic matter and aggregates and the capacity of water 
infiltration and retention, as well as decrease soil erosion (Lal, 1975; Phillips et al., 
1980). However, soil acidification and the requirement for herbicide are challenges 
for no-till systems.  
There have been mixed results evaluating the effect of tillage on nitrifier 
populations. Applying corn stover residue and reduced tillage increased counts of 
nitrifying organisms in surface soil (Doran, 1980). However, at two agricultural sites 
with winter wheat in western Nebraska, nitrifier populations of no-tillage were (as 
determined by MPN) 22 to 65% lower than those in plowed soil (surface 15 cm) 
(Broder et al., 1984). Tillage increased the AOB population in successional grassland 
soil, but had no effect in cultivated soil (Phillips et al., 2000).  
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In southwestern Michigan, the potential nitrification rates in no tillage treatments 
were almost twice that in conventional tilling treatments in corn-soybean rotation 
cultivated plots, even though tillage had no effect on the AOB populations evaluated 
by competitive PCR (Phillips et al., 2000). It is also reported that there is not 
necessarily correlation between the number of nitrifying bacteria and their activity. 
Azooz and Arshad (1998) were cited to reason that the AOB community in no-till soil 
was more stable and therefore active than in tilled soils, because no-till practice 
maintained greater hydraulic conductivity and infiltration rates (Phillips et al., 2000). 
In the short term, nitrification rate is greater in NH4+ fertilized no-till soils than 
plowed tillage soils due to more favorable moisture conditions, but slows and/or is 
incomplete in non-fertilized no-till soils resulting from NH4+ substrate limitation 
(Rice and Smith, 1983). Therefore, considering the integrated effects of fertilizer and 
tillage is a promising point of investigation. 
   The effect of tillage management on nitrification is not just on nitrifier population 
and activity, but also on community structure. However, specific research about tillage 
influences on nitrifier communities is rare. Based on DGGE analysis of NH3 oxidizer 
16S rRNA partial sequences, Phillips et al. (2000) reported that the composition of 
AOB communities was similar despite tillage pattern. Because tillage is a mixing 
process, no-till treatments are usually more heterogeneous. 
 
Objectives 
The overall objective of this research was to determine how tillage and N 
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fertilizer influenced the population, activity, and community structure of nitrifiers, 
including AOA, AOB, and NOB.  
My research took advantage of a unique study site that is a very long-term (>40 
years) field study evaluating tillage management and N fertilizer rates on continuous 
corn (Zea mays L.) in a deep and well-drained Maury silt loam soil. The two 
significant variable factors evaluated in this work — tillage and N fertilizer rate — 
were therefore controlled for almost half a century on this specific and relatively 
stable cropland site, which makes my study significantly distinct from prior work.   
The evidence is clear and convincing that increasing input of N fertilizer will 
stimulate the population of nitrifiers (AOB and NOB) and nitrification rates. However, 
there is no agreement about how tillage influences nitrifier populations, even though I 
believe that no-till management will increase nitrification rates by improving nitrifier 
activities with preferable water conditions (with the prerequisite of adequate N 
substrate). In this study, rather than consider tillage and fertilization separately, I 
illustrated how the interaction between them influenced nitrifier populations and 
nitrification rate. 
The degree to which N substrate stimulates AOB and NOB might be different, 
and this might result in the two steps of nitrification having different rates and 
efficiencies, and further influence the trace gas amount produced during nitrification. 
Therefore, in this study I investigated the potential relationship between the 
ammonia-oxidizing nitrifiers’ community dynamics and the nitrite-oxidizing nitrifiers’ 
community dynamics. 
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Increasing the population of nitrifiers contributes to an enhanced nitrification rate, 
but may not be the only trigger. The change of nitrifier activities and nitrifier 
community structures also affects nitrification rates. In this study, I explored how the 
nitrifier communities are affected by fertilization and tillage, and tried to build a 
preliminary link between nitrification rate and nitrifier community diversity. Soil 
management may not simply cause more or less diversity of nitrifier communities, but 
lead to a specific direction of change in the community; certain species may decline 
and some others rise.  
My major hypotheses: 1) the relative population of AOB to NOB will remain 
constant in response to soil management; 2) tillage and fertilization will influence the 
AOB community, not AOA; 3) the community of Nitrospira and Nitrobacter NOB 
will react differently to tillage and fertilization. 
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CHAPTER TWO 
 Study Site Description 
Site Design 
The field trial from which samples were drawn was initiated in 1970 on the 
Kentucky Agricultural Experiment Station farm (Spindletop) near Lexington KY   
(N 38°07’24”, W 84°29’50”), on a site with 1 to 3 % slope, a southerly aspect, and 
exhibiting none to slight erosion (Frye and Blevins, 1996). Previously, the site had 
been a bluegrass (Poa pratensis L.) pasture for nearly 50 years (Frye and Blevins, 
1996). The climate is temperate, having an average annual rainfall of 110 cm (about 
40 % falls in summer – May to September), an average annual temperature of 13oC, 
and a growing season duration of 175 days (Frye and Blevins, 1996). 
The soil is a moderately weathered Maury silt loam (fine, mixed semi-active, 
mesic Typic Paleudalfs), deep, well-drained, and formed in the residuum of 
phosphatic Ordovician limestone. The soil contains no free CaCO3, and the clay 
fraction, dominated by vermiculite, kaolinite, and illite (Frye and Blevins, 1996) also 
contains significant amounts of amorphous Fe and Al oxides (Chung et al., 2008). 
The experiment design is a split-block with four replications, each block split 
along the long dimension for the tillage treatments, no tillage (NT) and plow tillage 
(PT), and across the long dimension for the four N rates (0, 84, 168, and 336 kg N 
ha-1), resulting in a final plot size of 5.5 m by 12.2 m. Tillage and N rate treatments 
have been maintained on the same plots for the duration of the experiment (Fig. 1). 
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NT PT PT NT NT PT NT PT 
168 168 336 336 168 168 336 336 
NT PT PT NT NT PT NT PT 
0 0 84 84 0 0 84 84 
NT PT PT NT NT PT NT PT 
336 336 168 168 84 84 0 0 
NT PT PT NT NT PT NT PT 
84 84 0 0 336 336 168 168 
Block 1 Block 2 Block 3 Block 4 
 
Figure 1: Experiment design of the research site. PT = Plow Tillage; NT = No 
Tillage; 0 = 0 kg N ha-1; 84 = 84 kg N ha-1; 168 = 168 kg N ha-1; 336 = 336 kg N ha-1.  
 
The PT treatment consists of moldboard plowing to a depth of 20 to 25 cm in the 
third or fourth week of April each year, about 1 to 2 weeks before planting maize. 
Secondary tillage of plowed plots is performed with two passes of a tandem disk; 
mixing soil to a depth of 8 cm. Ammonium nitrate is surface broadcast within one 
week of planting. Maize is harvested in late September or early October each year, 
and combine-shredded residues are left on the soil surface. After maize harvest the 
winter cereal rye is planted over the entire experimental area, without any tillage, 
using a NT drill. 
The site is continuously summer cropped to maize (Zea mays L.) for grain 
followed by an annual winter cover crop. Rye (Secale cereal L.) was broadcast seeded 
two weeks before harvesting corn as a winter cover crop for the whole site before 
1986. Subsequently, rye or hairy vetch (Vicia villosa Roth) have been broadcast by 
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hand — half rye and half hairy vetch — in each sub-plot as a cover crop (Handayani, 
1996). From 1973-1983, a lime treatment was added to each subplot, half were limed 
and half not. After that, to achieve a uniform pH, all subplots were limed based on soil 
test results.  
 
The Influence of Treatments on Soil and Yield with Time 
Because this experiment site has been used for multiple studies, it is useful, here, 
to summarize some of the observations that have been made with time. 
 
Influence of Treatments on Soil Nutrients 
After 5 years (1975), compared with plow tillage, soil organic C and N (0-5 cm) 
were significantly higher in no-tillage and increased with increasing N rates. 
Exchangeable Ca decreased with increasing N, whereas exchangeable Al increased 
with more N and was higher in no-tillage than plow tillage soils (Blevins et al., 1977).  
After 10 years (1980), it was confirmed that organic C and organic N were increased 
by N fertilizer in the surface layer (0-5 cm), and were approximately twice as high in 
no-tillage as in plow tillage (Blevins et al., 1983). After 19 years (1989), a similar 
conclusion was made and indicated that significantly slower organic C decline was 
probably the most important long-term effect of reduced tillage (Ismail et al., 1994). 
After 23 years (1993) biological properties of no-tillage soils (0-7.5 cm) of the 
medium N fertilizer rate (168 kg N ha-1) were greater than those of plow tillage (e.g. 
total C, total N, total bacteria, actinomycetes and fungi, and dehydrogenase and 
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phosphatase activity) (Handayani, 1996). This research also indicated that all of these 
properties were stratified by soil depth, because the relationships were weak or even 
disappeared for soil samples from 7.5-15 cm.  
After 26 years (1996), a microbial abundance study showed that fungal abundance 
was significantly higher in no-tillage relative to plow tillage, but not for bacteria in 
surface soil (0-5 cm) so the proportional fungal biomass was much higher in 
no-tillage compared to plow tillage, and was positively related to soil moisture (r = 
0.67; p<0.01); this study also confirmed that organic C and N were significantly 
higher in no-tillage than plow tillage, as well as mean weight diameter of water-stable 
aggregates (Frey et al., 1999). 
 
Influence of Treatments on Soil pH 
Increasing N rates lowered soil pH after 5 years of treatment and no-tillage soils 
had lower pH than plow tillage soils (Blevins et al., 1977). After 7 years, the surface 
soil pH decreased to 4.3 at the high N rate (336 kg N ha-1) in the no-tillage treatment; 
the soil pH decrease due to N fertilization was less in plow tillage than no-tillage 
(Blevins et al., 1978). After 10 years without lime, compared to plow tillage, 
no-tillage had lower soil pH and exchangeable Ca, especially with high N fertilizer, 
and increased exchangeable Al and Mn (Blevins et al., 1983).  
 
Influence of Treatments on the N Cycle 
With N fertilizer, nitrification rates were more rapid in no-tillage soils than plow 
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tillage because nitrification was sensitive to soil moisture; whereas without N 
fertilizer applied, the nitrification rates were slower in no-tillage soils due to more 
severe substrate (NH4+) limitation (Rice and Smith, 1983).  
A three-year 15N-depleted fertilizer study showed that the proportion of N lost 
(25-29%) was not affected by tillage or fertilizer rate within two medium N-rate 
treatments (84 and 168 kg N ha-1) and more N fertilizer was immobilized into soil in 
no-tillage treatments, especially in the lower (84 kg N ha-1) N-rate treatments (Kitur et 
al., 1984). A study on soil nitrogen availability showed that lower N availability 
observed in no-tillage soils resulting from N immobilization was a transient effect 
(about 9 years), because it was not for long-term plots (Rice et al., 1986). After 23 
years, examination of the 168 kg N ha-1 treatment showed that microbial biomass N, 
mineralizable N, the proportion of available N to total N, and gross N transformation 
rates (N mineralization, nitrification, and immobilization), were greater in no-tillage 
than plow tillage, and indicated that long-term no-tillage management enlarged the 
active N pool in soil (Handayani, 1996).  
 
Influence of Treatments on Corn Yield 
Liming (3 years) increased yields for fertilized no-tillage treatments (27% yield 
increase at 336 kg N ha-1 in 1976), but had no effect on plow tillage fertilized soils 
after 7-years soil management (Blevins et al., 1978). A 10-year liming study showed 
that among plots receiving lime, the 10-year average yield was higher in plow tillage 
in non-fertilized soil, but became equal or higher in no-tillage with N fertilizer 
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application (Blevins et al., 1983). In the early years of the study, the effect of lower N 
availability in no-tillage soil on yield was obvious in the non-fertilized treatment.  
However, research showed that this trend was only applicable for the first 9 year after 
site establishment; since 1979, there has been no consistent influence of tillage on 
yield (Rice et al., 1986).  
 
Baseline of Sampling for the Current Study 
Sample Collection and Processing 
Soil samples were collected from the top 15 cm in each sub-plot (rye cover crop 
side only) fertilized with 0, 168, and 336 kg N ha-1, respectively, using a core sampler 
(2 cm diam.) in December 2011, June 2013, and June 2014. On every sampling 
occasion, ten cores were removed from each plot (5 in a row and 5 between rows), 
composited, and transported in sealed plastic bags on ice. Subsamples of composited 
soils were removed from each bag and placed in three Eppendorf tubes as soon as 
possible and stored at -80°C until DNA extraction. The remaining soil was air-dried 
briefly at room temperature to reduce moisture content. The samples were sieved (< 2 
mm) by hand to remove gravel and visible plant roots, then stored at 4°C for most 
probable number (MPN) and potential nitrification rate (PNR) assays. The soil 
gravimetric water contents in air dried samples were measured by drying subsamples 
overnight at 105°C.  
The soil DNA was extracted from December 2011 and June 2013 soils as winter 
and summer samples, respectively. MPN samples were collected in June 2013 and 
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PNR samples were collected in June 2014. I also performed an MPN test with 
December 2011 samples and a PNR assay with June 2013 samples, but they were 
considered preliminary experiments.   
 
Statistical Analysis 
All statistical analyses for main effects of treatment and their interaction were 
performed with SPSS version 22, with univariate analysis of variance (UNIANOVA) 
followed by Tukey HSD for multiple comparisons. Because of the inherent variability 
among field samples, an F statistic with a P ≤ 0.10 was considered to be significant. 
To investigate soil microbial community, top 15 cm sampling was widely used (Zhou 
et al., 1996), including study of soil AOB (Okano et al., 2004). However, there was a 
stratification for soil microbial and biochemical properties between 0- 7.5 cm and 7.5- 
15 cm, especially for no-till soils (Doran, 1980; Handayani, 1996). To compare with 
the majority of other studies which sampled the top 15 cm soils and also weaken the 
stratification influence, I picked a more relaxed p value to show the differences 
among treatments. 
 
Climate and Soil Properties Relative to This Research 
Based on the sample time, I collected the relevant precipitation and temperature 
data from UK Ag Weather Center. The monthly total precipitation is shown in Figure 
2. The four-inch (10 cm) bare soil temperature data are shown in Figure 3. 
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Figure 2: The dynamic change in monthly total precipitation from June 2011 to July 
2014. 
 
 
Figure 3: The dynamic change in monthly bare soil temperature at a 10 cm depth data 
from June 2011 to July 2014. 
 
Soil chemical property data were collected in Fall 2014. Soil total C and soil total 
N have exactly the same trend among treatments (Fig. 4) with a strongly positive 
correlation (R=0.994, p<0.01, adjusted R2=0.988) between the two variables (Fig. 5). 
With increasing application of N fertilizer both soil total C and total N increased. In 
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no-tillage soil, total C and total N are much higher than that in plow tillage soil at any 
N fertilization level.   
 
 
Figure 4: Soil total N (%) and total C (%) at 0-15 cm depth (Fall 2014) in different N 
fertilization and tillage treatments. PT and NT represent plow tillage and no-tillage, 
respectively; 0, 168, and 336 represent the fertilization rate (kg N ha-1).  
 
 
Figure 5: The correlation between soil total C and total N. 
 
Soil pH decreased with increase in N fertilization, and the pH of 336 kg N ha-1 
treatments was significantly lower than other N treatments (p<0.01). Within the same 
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N level, plow tillage always has a lower soil pH than no-tillage soils (Fig. 6) despite 
the annual uniformly liming since the initial establishment period.  
 
Figure 6: Soil pH (H2O) and C: N at 0-15 cm depth (Fall 2014) of different N 
fertilization and tillage treatments. PT and NT represent plow tillage and no-tillage, 
respectively; 0, 168, and 336 represent the fertilization rate (kg N ha-1). Columns with 
the same letter are not significantly different (p > 0.10). 
 
Nitrogen fertilized soils have greater C:N than unfertilized soil, but between 
fertilized treatments, the difference in C:N was not significant. For plow tillage soils, 
the total C increased 20% at the 168 kg N ha-1 fertilization rate compared to the 
non-fertilized rate, while the total C increase from the 168 kg N ha-1 fertilization rate 
to the 336 kg N ha-1 fertilization rate was just 9.2%. The total N increased 15.4% and 
13.3% from non-fertilized soil to the 168 kg N ha-1 and 336 kg N ha-1 rate treatments, 
respectively. Within the same N level, plow tillage always had lower C:N ratio than 
no tillage treatments (p>0.01). 
 
 
7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
8
8.1
5.2
5.4
5.6
5.8
6
6.2
6.4
6.6
NT-0 PT-0 NT-168 PT-168 NT-336 PT-336
C:
N
So
il 
pH
 (H
2O
)
Treatments
pH C:N
ab
a
a
a
b
bc
24 
 
 
CHAPTER THREE 
Consequences of Long-Term Tillage and Nitrogen Fertilization for Nitrifier 
Density and Nitrification Rate 
Introduction 
Nitrification, the oxidation of ammonia (NH3, the most reduced form of nitrogen) 
to nitrite (NO2-) and then nitrate (NO3-, the most oxidized form of nitrogen), is an 
important step in N cycling. Nitrification is a biological process performed by 
chemolithotrophic bacteria, heterotrophic bacteria, and fungi (Castignetti and 
Hollocher, 1984) and ammonia oxidizing archaea (Treusch et al., 2005). Autotrophic 
nitrifiers are considered the most relevant physiological group in soils (Pedersen et al., 
1999) and were the focus of this study. 
In aerobic environments, autotrophic nitrification (NH3→NH2OH→NO2-→NO3-) 
takes place in two steps: first, ammonia-oxidizing bacteria (AOB) and 
ammonia-oxidizing archaea (AOA) oxidize NH3 to NO2- (Könneke et al., 2005): 
 NH3 + 1.5 O2  → NO2- + H+ + H2O  
Second, nitrite oxidizing bacteria (NOB) oxidize NO2- to NO3- (Lees and Simpson, 
1957):  
NO2- + 0.5 O2 →NO3-  
Although AOA appear to be numerically dominant in soil, AOB were the 
functionally dominant group responsible for NH3 oxidation in agricultural soil under 
a maize-wheat-barley rotation analyzed by molecular fingerprinting of amoA genes 
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and DNA stable isotope probing (SIP) to detect CO2 assimilation by NH3-oxidizing 
prokaryotes (Jia and Conrad, 2009). 
Nitrifiers are inevitably influenced by their environment and N fertilization and 
tillage management are two of the most common and influential anthropogenic 
environmental factors. Reduced forms of N fertilizer are a substrate for nitrifiers 
while tillage leads to a series of chemical and physical property changes in soil that 
influences N supply and distribution as well as aeration. The stimulating function of N 
fertilizer on nitrifiers is relatively straightforward and confirmed in many ecosystems 
as changes in nitrifier density and activity. For example, research on an alkaline sandy 
loam under a wheat-maize rotation showed that long-term (17 years) urea-N 
fertilization significantly stimulated potential nitrification rate and AOB density (Shen 
et al., 2008). Di et al. (2009) found that applying cow urine to grassland soil increased 
nitrification and the AOB population but not the copies of AOA amoA, which 
indicated that increased ammonia oxidation was mainly driven by AOB rather than 
AOA and that the AOA population might not be stimulated by N fertilizer. 
Ammonia oxidation is generally regarded as the rate-limiting step in nitrification, 
which is why most nitrification research has focused on AOB dynamics compared to 
other nitrifier groups. Nitrogen fertilization and nitrification studies in forest systems 
showed that the density of AOB could reflect potential nitrification activity better than 
NOB density (Martikainen, 1985; Aarnio and Martikainen, 1995). Ammonium nitrate 
fertilizer increased both nitrification rate and AOB density, with the former increasing 
more rapidly than the latter (Mendum and Hirsch, 2002). 
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The tillage influence on nitrifiers is a complicated phenomenon and research 
results have been mixed. Nitrifier densities in no-tillage soils (as determined by MPN) 
were 22 to 65 % lower than those in the surface 15 cm of plowed soil at winter wheat 
sites in western Nebraska (Broder et al., 1984). Tillage had no effect on AOB density 
in corn-soybean rotation plots in southwestern Michigan even though the potential 
nitrification rates in no tillage treatments were almost twice that in conventional 
tillage treatments (Phillips et al., 2000). This also suggests that nitrifier populations 
and potential nitrification rates might not always be well correlated in simultaneous 
determinations. 
The present research investigated how tillage and N fertilization influenced 
nitrifier density and nitrification rate when plant type was held constant. I took 
advantage of a unique and very long-term continuous maize study to isolate the tillage 
influence on nitrifiers, the interaction effects of N fertilizer rates and tillage, the 
relationship between nitrifier density and potential nitrification rate, and the different 
responses of AOB, and particularly NOB, to soil management. 
 
Materials and Methods 
Site Design 
The field trial from which samples were drawn was initiated in 1970 on the 
Kentucky Agricultural Experiment Station farm (Spindletop) near Lexington  KY (N 
38°07’24”, W 84°29’50”), on a site with 1 to 3 % slope, a southerly aspect, and 
exhibiting none to slight erosion (Frye and Blevins, 1996). Previously, the site had 
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been a bluegrass (Poa pratensis L.) pasture for nearly 50 years (Frye and Blevins, 
1996). The climate is temperate, having an average annual rainfall of 110 cm (about 
40 % falls in summer – May to September), an average annual temperature of 13oC, 
and a growing season duration of 175 days (Frye and Blevins, 1996). 
The soil is a moderately weathered Maury silt loam (fine, mixed semi-active, 
mesic Typic Paleudalfs), deep, well-drained, and formed in the residuum of 
phosphatic Ordovician limestone. The soil contains no free CaCO3, and the clay 
fraction, dominated by vermiculite, kaolinite, and illite (Frye and Blevins, 1996) also 
contains significant amounts of amorphous Fe and Al oxides (Chung et al., 2008). 
The experiment design is a split-block with four replications, each block split 
along the long dimension for the tillage treatments, no tillage (NT) and plow tillage 
(PT), and across the long dimension for the four N rates (0, 84, 168, and 336 kg N 
ha-1), resulting in a final plot size of 5.5 m by 12.2 m. Tillage and N rate treatments 
have been maintained on the same plots for the duration of the experiment. 
The site is continuously summer cropped to maize (Zea mays L.) for grain 
followed by a winter annual cereal cover crop. The PT treatment consists of 
moldboard plowing to a depth of 20 to 25 cm in the third or fourth week of April each 
year, about 1 to 2 weeks before planting maize. Secondary tillage of plowed plots is 
performed with two passes of a tandem disk; mixing soil to a depth of 8 cm. 
Ammonium nitrate is surface broadcast within one week of planting. Maize is 
harvested in late September or early October each year, and combine-shredded 
residues are left on the soil surface. After maize harvest the winter cereal is planted 
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over the entire experimental area, without any tillage, using a NT drill. 
 
Sample Collection and Processing 
Soil samples were collected from the top 15 cm in each plot (rye cover crop side) 
fertilized at 0, 168, and 336 kg N ha-1, respectively, using a core sampler (cm diam.) 
in June 2013 and June 2014. On every sampling occasion, ten cores were removed 
from each plot (5 in a row and 5 between rows), composited, and transported in sealed 
plastic bags on ice. The soil was air-dried briefly at room temperature to reduce 
moisture content, hand sieved to pass a 2 mm opening so as to remove gravel and 
visible plant roots, then stored at 4°C for most probable number (MPN) and potential 
nitrification rate (PNR) assays. The soil gravimetric water contents of air dried 
samples were measured by drying subsamples overnight at 105°C. The samples for 
MPN were collected in June 2013 and the samples for PNR were collected in June 
2014. 
 
Climate and Soil Properties Relative to This Research 
Relevant precipitation and temperature data for the sampling periods was obtained 
from the University of Kentucky Ag Weather Center [wwwagwx.ca.uky.edu]. The 
monthly total precipitation are shown in Fig. 2. The bare soil temperature at a 10 cm 
depth data are shown in Fig. 3. 
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Most Probable Number Enumeration 
Ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) were 
enumerated by a five-replicate MPN assay using 10-fold serial dilutions of soil 
samples in nitrifier media (Schmidt and Belser, 1994). The AOB medium contained 
the following components, per liter: (NH4)2SO4 (1.32 g); MgSO4·7H2O (0.38 g); 
CaCl2·2H2O (0.02 g); MnCl2·4H2O (0.2 g); Na2MnO4·2H2O (0.1 g); CoCl2·6H2O 
(0.002 g); ZnSO4·7H2O (0.1 g); CuSO4·5H2O (0.02 g); K2HPO4 (0.087 g); 
FeSO4·7H2O (0.001 g) in chelated form (a soluble complex of FeSO4 and EDTA ); 
phenol red (0.00125 g); with the final pH adjusted to 7.5 using 0.5 M KOH and 0.5 M 
KHCO3 (ATCC 929 Nitrosolobus Medium). 
The NOB medium contained the following components per liter: NaNO2 (0.207 
g); MgSO4·7H2O (0.01 g); CaCl2 (0.01 g); MnCl2·4H2O (0.2 g); Na2MnO4·2H2O 
(0.1 g); CoCl2·6H2O (0.002 g); ZnSO4·7H2O (0.1 g); CuSO4·5H2O (0.02 g); 
K2HPO4 (0.0087 g); FeSO4·7H2O (0.001 g) in chelated form (ATCC 480 Nitrobacter 
Medium 203). Both media were dispensed (9 mL) into capped glass tubes (16×125 
mm) and autoclaved at 121°C for 15 min before inoculation. 
An initial 1:10 dilution of soil in buffer was prepared in sterile pre-packaged 
phosphate buffer (42.5 mg monopotassium phosphate and 190.0 mg magnesium 
chloride per liter; final pH 7.2 +/- 0.2) (Hardy Diagnostics). Two dilution series were 
prepared for each sample and utilized 10 g of the sieved, air-dried field soil in 90 mL 
phosphate-buffer for the initial dilution. The mixture of soil and diluent was agitated 
using a high-speed reciprocating shaker for 30 min. Subsequent 1:10 dilutions to 10-8 
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were made in sterile physiological saline (15 g NaCl L-1). The 9 mL of nitrifier media 
were inoculated with 1 mL from each dilution and incubated in the dark at constant 
temperature (25 °C) for 80 days. Growth of AOB and NOB were monitored by NO2- 
(Schmidt and Belser, 1994) and NO3- (Tiedje, 1994) spot tests; the appearance of pink 
and blue color, respectively, indicated the presence of NO2- and NO3-as a positive 
result. The MPN index was determined from published statistical tables (Woomer, 
1994). 
 
Potential Nitrification Rates 
Potential nitrification rate was measured using a short-term ammonia oxidation 
assay with sodium chlorate (Berg and Rosswall, 1985) because ammonia oxidation, 
the first step in nitrification, is the rate-limiting step (Chu et al., 2007; Kandeler et al., 
2011). Sodium chlorate inhibits NO2- oxidation (Berg and Rosswall, 1985), the 
second step in nitrification. 
The procedure was according to Kandeler et al. (2011) with slight modifications. 
Ten g of the sieved, air-dried field soil was weighed into each of three replicate 
100-mL flasks. Forty mL of 1 mM ammonium sulfate and 0.1 mL of 1.5 M sodium 
chlorate was added to each flask. The flasks were closed with parafilm containing 
pinholes to facilitate aeration. Two flasks were incubated for 4 h in a shaking water 
bath at 25 °C and 220 rpm. A third flask (control) was stored for 4 h at -20 °C to 
estimate the baseline of NO2- and NO3- in original soil solution. Ten mL of the soil 
suspension was taken from each flask after 4 h and placed in a 50-mL centrifuge tube 
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with 2.5 mL of 2 M KCl to displace the NH4+ and NO2- from soil colloids. This 
second suspension was mixed and 1.5 mL of it then transferred to each of two 
replicate Eppendorf tubes that were stored at -20 °C for NO2- and NO3- analyses. 
Thawed samples were centrifuged at 8000 x g for 8 min to separate soil from 
solution, and then the NO2- and NO3- concentrations were measured to calculate the 
potential nitrification rates as ng (NO2∓NO3-)-N h-1 g-1 dry soil. A microplate 
colorimetric procedure was used (Crutchfield and Burton, 1989; Crutchfield and 
Grove, 2011), utilizing a Versa Max Microplate Reader (Molecular Devices Co., 
Sunnyvate, CA). Nitrite concentration was measured at 542 nm by a modification of 
the Greiss technique. A copperized-Cd reductor was used to quantitatively convert 
NO3- to NO2-, and the NO2- concentration was determined colorimetrically. 
The potential nitrification rates, in mg NO2—N kg-1 dry soil h-1, were calculated 
based on the accumulated mass of NO2—N and NO3—N found in the 4 h samples. The 
reason for calculating both NO2- and NO3- concentrations is that chlorite, the product 
of chlorate reduction by NOB (Hynes and Knowles, 1983), could chemically oxidize 
NO2- to NO3- (Rusmana and Nedwell, 2004). 
 
Specific Nitrification Rates 
Specific nitrification rate was the quotient of potential nitrification rate and AOB 
MPN numbers to represent the average activity of AOB from a specific treatment. 
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DNA Extraction and PCR Amplification 
The MPN culture cells were collected by centrifugation. The DNA was extracted 
using PowerSoil DNA Isolation Kit (MO BIO Laboratories, Inc.) according to the 
manufacture’s instruction. 
Primer pair, amoA-19F (5’ -3’ ATG GTC TGG CTW AGA CG) (Treusch et al., 
2005) and amoA-634R (TCC CAC TTW GAC CAR GCG GCC ATC CA) (Leininger 
et al., 2006) were used to amplify the archaeal amoA. PCR amplification was 
performed with a MyCyclerTM Thermo Cycler (Bio-Rad Laboratories, Inc.) using 
Thermo Scientific DreamTaq Green DNA Polymerase (Thermo Fisher Scientific 
Inc.). 
The 25 µL reaction mixture contained 2.5 µL 10X DreamTaq Green Buffer, 2.5 
µL dNTP Mix (0.2 mM of each), 0.4 µM of each primer, 0.78 U of DreamTaq DNA 
Polymerase, and 1 µL of soil DNA template. The thermal profile of the PCR was as 
follows: 5 min at 95°C for initial denaturation; 10 cycles consisting of 30 s at 95°C 
for denaturing, 30 s at 60°C for annealing, and 60 s at 72°C for extension; 25 cycles 
consisting of 30 s at 95°C for denaturing, 30 s at 55°C for annealing, and 60 s at 72°C 
for extension; a final 10 min at 72°C for extension. 
 
Statistical Analysis 
The MPN numbers were log-transformed as needed to satisfy normality 
requirements before statistical analysis. All statistical analyses were performed with 
SPSS version 22, with univariate analysis of variance (UNIANOVA) and one-way 
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analysis of variance (ANOVA), followed by Tukey HSD for multiple comparisons. 
Because of the inherent variability among field samples, an F statistic with a P ≤ 0.10 
was considered to be significant. 
 
Results 
Numbers of Ammonia-Oxidizing Bacteria (AOB) and Nitrite-Oxidizing Bacteria 
(NOB) 
I assumed that the MPN method only evaluated the population of AOB and NOB, 
not AOA, because I used AOB specific media (20 mM NH4+) to perform the MPN 
evaluation. Compared to AOB, AOA has adaptability to, and preference for, low 
NH4-N conditions. The half-saturation constant Km of ‘Candidatus Nitrosopumilus 
maritimus’ strain SCM1 (AOA) is 0.133 µM NH4+, more than 200-fold lower than 
that (30 — 3,300 μM) of investigated AOB (Urakawa et al., 2011). To further confirm 
there were no AOA in the MPN tubes, I collected MPN cells from the highest and 
lowest dilutions, extracted the DNA, and performed PCR, which indicated that there 
were no detectable AOA in the MPN tubes with AOA amoA specific primers 
(amoA19IF: 5’-ATGGTCTGG CTIAGACG-3’; amoA634IR: 
5’-TCCCACTTIGACCAIGCGGCCATCCA-3’) (Morimoto et al., 2011). 
There was a significant tillage by fertilizer N rate interaction on the MPN of both 
AOB (p = 0.03) and NOB (p = 0.09) (Fig. 7). In the AOB MPN interaction, 
increasing fertilizer N rate raised AOB MPN in both tillage systems, but the nature of 
the response differed with tillage. In the PT soils, AOB MPN increased at a 
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decreasing rate, and the AOB MPN at 168 and 336 kg N ha-1 were similar (Fig. 7). In 
the NT soils, AOB MPN increased at an increasing rate, and the AOB MPN at 0 and 
168 kg N ha-1 were more similar (Fig. 7). In the NOB MPN interaction, increasing 
fertilizer N rate raised NOB MPN in both tillage systems, but again, the nature of that 
response differed with tillage (Fig. 7). The NOB MPN also increased at a decreasing 
rate in PT soils (NOB MPN values at 168 and 336 kg N ha-1 were similar, but both 
were significantly different from the NOB MPN value at 0 kg N ha-1). In NT soils, the 
NOB MPN increased with much less change in slope (more linearly; NOB MPN 
values at 0, 168 and 336 kg N ha-1 were all significantly different from one another) 
(Fig. 7). 
 
Figure 7: The MPN of ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing 
bacteria (NOB) in soils from different tillage and N fertilization rate treatments. PT 
and NT represent plow tillage and no-tillage, respectively; N fertilization rates are 0, 
168, and 336 kg N ha-1. Standard deviation is shown by error bars. For MPN AOB, or 
NOB, columns topped by the same letter are not significantly different (p > 0.10). 
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fertilizer N rate was significant, and positive, for both AOB MPN (p < 0.01) and 
NOB MPN (p < 0.01) (Fig. 7). Also embedded within the tillage by fertilizer N rate 
interaction, tillage was significant for NOB MPN (p < 0.01), but not for AOB MPN 
(p = 0.20). The average NOB MPN of PT soil was greater than that of NT soil (Fig. 
7). 
The AOB to NOB MPN ratio was significantly affected by the interaction of 
tillage and fertilizer N rate (p = 0.08), with the AOB to NOB MPN ratio declining 
much more precipitously (and starting with a much greater value at 0 kg N ha-1) with 
increasing N rate in the NT soils than in the PT soils (Fig. 8). Within the interaction 
was the main effect of N rate, which decreased the AOB to NOB MPN ratio greatly 
when any N fertilizer was applied in either PT (p < 0.01) or NT (p = 0.02) soils (Fig. 
8). The AOB to NOB MPN ratios at 168 and 336 kg N ha-1 were similar, in each 
tillage system. At 0 kg N ha-1, there were more AOB than NOB (AOB MPN/NOB 
MPN was 3.7 in PT soil and 10.8 in NT soil), whereas there were fewer AOB than 
NOB with N fertilizer application (AOB MPN/NOB MPN < 1). 
Also embedded within the significant tillage by N rate interaction on the AOB to 
NOB MPN ratio was a significant main effect of tillage (p = 0.02), with NT 
exhibiting the greater average (Fig. 8). 
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Figure 8: Ratio of AOB MPN to NOB MPN in soils from the different tillage and N 
rate treatments. PT and NT represent plow tillage and no-tillage, respectively; 
fertilizer N rates are 0, 168, and 336 kg N ha-1. Columns with the same letter are not 
significantly different (p > 0.10). 
 
There were highly significant positive correlations (Fig. 9) between NOB MPN 
and AOB MPN in both plow tillage (R = 0.845, p < 0.01, Adjusted R2 = 0.70) and 
no-tillage (R = 0.774, p < 0.01, Adjusted R2 = 0.58) soils. The slopes of the 
correlation equations are greater than 1, indicating that NOB increased more as AOB 
increased – these increases being driven by greater fertilizer N rates. Compared to PT, 
the lower slope and smaller R value for NT suggests less difference in the AOB and 
NOB population responses to greater fertilizer N rate, and greater variability, in NT 
soils. 
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Figure 9: The correlation between NOB MPN and AOB MPN in plow tillage and 
no-tillage soils. 
 
Potential Nitrification Rate (PNR) 
There was a significant tillage by fertilizer N rate interaction (p < 0.01) on PNR 
(Fig. 10). The PNR rate rose with fertilizer N rate in both tillage systems, leveling off 
between 168 and 336 kg N ha-1 in PT soils, but increasing steeply between 168 and 
336 kg N ha-1 in NT soils (Fig. 10). Within the tillage by N rate interaction there was a 
significant main effect (p < 0.01) of N rate on PNR, and N fertilized soils gave the 
greater average PNR values (Fig. 10). There was also a significant main effect (p < 
0.01) of tillage on PNR, with NT soils having the higher average value.    
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Figure 10: Soil potential nitrification rate (PNR) for the different tillage and N rate 
treatments. PT and NT represent plow tillage and no-tillage, respectively; fertilizer N 
rates are 0, 168, and 336 kg N ha-1. Standard error is shown by error bars. Columns 
topped by the same letter are not significantly different (p > 0.10). 
 
Specific Nitrification Rate (SNR) 
Although the MPN and PNR data were collected in different years, 2013 and 2014, 
respectively, I assumed that the relative differences between populations were not 
different due to year.  
Compared to unfertilized soil, the SNR of PT soils changed little with increasing 
N rate, while the SNR of NT soils increased with the first 168 kg N ha-1, but then 
declined with a fertilizer N rate of 336 kg N ha-1 (Fig. 11). For NT, the SNR increased 
approximately 150 % (92 fmol NO2—N produced cell-1 h-1) at 168 kg N ha-1, and 80 % 
(66 fmol NO2—N produced cell-1 h-1) at 336 kg N ha-1, relative to the unfertilized 
treatment (37 fmol NO2—N produced cell-1 h-1). A t-test was used to make pair-wise 
comparisons between fertilized and unfertilized NT soil. Both 168 kg N ha-1 (p = 0.05) 
and 336 kg N ha-1 (p = 0.08) NT soils exhibited significantly higher SNR than 
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unfertilized NT soil. 
 
Figure 11: Specific nitrification rate (SNR) for the different tillage and N rate 
treatments. PT and NT represent plow tillage and no-tillage, respectively; fertilizer N 
rates are 0, 168, and 336 kg N ha-1. 
 
Discussion  
The MPN technique is used to estimate microbial population based on dilution to 
extinction and examination of the physiological activity of the target population. 
Generally, the technique is considered to underestimate population size because the 
technique can only access active cells in the selective media. Still, the MPN technique 
is a useful comparative tool to examine the effects of soil management on nitrifier 
populations. The media I used for ammonia-oxidizing nitrifiers was specific for AOB, 
not AOA, because ammonia oxidation in high NH4+ environments is mainly driven by 
AOB rather than AOA (Jia and Conrad, 2009). For example, Morimoto et al. (2011) 
observed a much stronger relationship (adjusted R2 = 0.742) between the abundance 
of AOB amoA and nitrification activity than AOA amoA and nitrification activity 
(adjusted R2 = 0.228) collected from three soils [low-humic Andosol (Gleyic Haplic 
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Andosols), gray lowland soil (Eutric Fluvisols), and yellow soil (Gleyic Hapic 
Alisols)] at the National Agricultural Research Center in Japan.  
The AOB density was between 6.9 x 105 and 1.8 x 107 cells g-1 dry soil; the NOB 
density was between 1.8 x 105 and 2.4 x 107 cells g-1 dry soil. Other studies have 
reported lower MPN values. For comparison, the AOB density in a Swedish arable 
soil was 1.4-56 x 103 cells g-1 dry soil as estimated with an 8-week incubation MPN 
method (Berg and Rosswall, 1985). The highest AOB and NOB densities in a 
fertilized forest soil were 1.6 x 105 and 3.7 x 104 cells g-1 dry soil, respectively, after 8 
weeks incubation (Martikainen, 1985). In fertilized agricultural soil, AOB density 
ranged between 103 and 105 cells g-1 dry soil incubated for 4 weeks with different N 
concentration media, and also showed that media ammonium-N concentration could 
significantly influence MPN counts (Phillips et al., 2000). Likewise for NOB, 
nitrite-N concentration could change NOB estimation by 3-4 orders of magnitude 
(Laanbroek and Schotman, 1991). I attribute higher MPN values in the current study 
to three reasons: 1) fertilized agricultural soil; 2) a long incubation (80 days); 3) 
cultivation with favorable media and incubation conditions. 
Nitrogen fertilization increased nitrifier density, both AOB and NOB, consistent 
with other studies. For example, the density of AOB in nitrogen-fertilized soil was 
about 6.2 × 107, which was three times greater than the number of AOB in 
unfertilized soil when analyzed by real-time PCR of 16S ribosomal DNA 
(Hermansson and Lindgren, 2001). In unfertilized acid heath soils, adding NPK 
fertilizer increased both AOB and NOB in the organic layer and the upper part of the 
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underlying mineral layer (De Boer et al., 1988). Tillage management complicates the 
fertilizer response. In my study there was a tillage by fertilizer N rate interaction on 
both MPN AOB and MPN NOB (Fig. 7). With plow tillage there was a greater 
difference in MPN AOB (and MPN NOB) values between 0 and 168 kg N ha-1 than 
between 168 and 336 kg N ha-1. Just the opposite was found in no-tillage soils. 
At my study site, the microbial abundance in no-tillage soil was significantly 
higher than in plow tillage soil (Handayani, 1996). This was not surprising. In surface 
(0-7.5 cm) soil at seven locations throughout the United States, counts of aerobic 
microorganisms, facultative anaerobes, and denitrifiers in no-tillage soils were 1.14 to 
1.58, 1.57, and 7.31 times higher, respectively, than in plowed soils (Doran, 1980). 
Near the soil surface in an Austrian agricultural field, reduced and minimum tillage 
systems exhibited more intense microbial activity than tilled systems after a 4-year 
period (Kandeler et al., 1999). Higher microbial density could require more N for 
growth and leave less for autotrophic nitrifiers. Less aeration and greater soil moisture 
could result in greater N loss via denitrification. Thus, with intermediate N 
fertilization, 168 kg N ha-1, microbial immobilization and denitrification “compete for 
the N source” with autotrophic nitrifiers. In this study, when the fertilizer N 
application was high (336 kg N ha-1) there was adequate N for both assimilation and 
as an energy source for nitrifiers (AOB and NOB). 
The reduced MPN response, for both AOB and NOB, to greater N rate in plowed 
soil may have been due to the generally lower soil moisture exhibited after plowing, 
another constraint to bacterial growth. No-tillage tends to conserve any uneven spatial 
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distribution of fertilizer N, which can lead to both N and nitrifier accumulations in 
favorable, but separate niches. Thus, in no-till soil the greater fertilizer N rate could 
result in a greater MPN response than that observed in the more homogenous, well 
mixed, and uniform environment found in plowed soil. 
As the fertilizer N source was ammonium nitrate, both NOB and AOB benefited 
immediately from N application. Soil NH4-N was the main factor stimulating AOB 
MPN in secondary-succession upland oak forest soil (Donaldson and Henderson, 
1990). 
In another manifestation of the tillage by fertilizer N rate interaction seen in the 
present study, tillage significantly influenced NOB MPN in N fertilized soils, but not 
in unfertilized soils. The NOB MPN values in plow tilled and N fertilized soils were 
higher than in N fertilized no-tillage soils. Likewise, the NOB density (7.5-15 cm) in 
an agricultural field in western Nebraska was significantly higher in plowed than 
no-till soils (Broder et al., 1984). Tillage mixes soil, so with plow tillage soil, fertilizer 
and nitrifiers are more uniformly dispersed, providing more substrate-rich microsites 
for NOB development. In this environment, more NOB are needed to remove toxic 
NO2- due to the dispersion of N source and AOB. On one hand, NO2- is distributed 
more widely, but because of mixing and aeration there are fewer active denitrifiers to 
remove NO2- than in no-tillage soils. 
The ratio of AOB/NOB could be an important determining factor in producing NO 
and N2O. The oxidation of NH3 to NO2- is a two-step process. First, NH3 is oxidized 
to hydroxylamine (NH2OH), a reaction catalyzed by ammonia monooxygenase 
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(AMO). Second, NH2OH is oxidized to NO2-, chemistry catalyzed by hydroxylamine 
oxidoreductase (HAO) (Arp et al., 2002). During NH3 oxidation, there are two 
proposed pathways for NO and N2O production. In the first, HAO directly oxidizes 
NH2OH to NO, and then NO is reduced by nitric oxide reductase (NOR) to N2O. In 
the second, NO2- oxidized from NH2OH by HAO is reduced by copper-containing 
nitric reductase (NirK) to NO, and then NO is reduced by nitric oxide reductase 
(NorB) to N2O (Hooper and Terry, 1979; Stein, 2011). 
The two pathways operate concurrently. If a linkage between soil management 
and AOB/NOB ratio could be created, then NO and N2O production might be reduced 
by appropriate soil management. The two pathways to NO and N2O production are 
both initiated in the ammonia-oxidation step catalyzed by AOB, and NOB catalyzed 
nitrite-oxidation, to a certain degree, suppresses gas production by removing the NO2- 
that is the substrate for nitrifier denitrification. A lower ratio of AOB/NOB should, 
therefore, diminish undesirable production of NO and N2O from the nitrifier 
denitrification pathway. 
The AOB/NOB ratio values observed in this research might be biased because the 
density data were determined by MPN and the different growth media used for AOB 
and NOB might produce distinct influences. Nevertheless, in this study applied N 
resulted in a numerical increase in NOB that was 2 to 3 times greater than that for 
AOB, causing the AOB/NOB ratio to decrease. Significant changes in the ratio due to 
N fertilization were found, but there was no significant difference in the AOB/NOB 
ratio between 168 and 336 kg N ha-1. Ammonia oxidation is generally regarded as the 
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rate-limiting step in nitrification because NO2- rarely accumulates (Kowalchuk and 
Stephen, 2001), and the greater NOB growth with N fertilization demonstrated this, to 
a degree. 
There were positive correlations between AOB and NOB populations in no-tillage 
and plow tillage soils, and the correlation was stronger with plow tillage. The stronger 
correlation might be explained by the more uniform, often mixed, environment of 
plow tillage soils. Additionally, this study focused on autotrophic nitrification. Even 
though autotrophic nitrification is believed to be the most important process in soils 
(Pedersen et al., 1999) there is still the potential for heterotrophic nitrification, 
catalyzed by heterotrophic bacteria and fungi (Castignetti and Hollocher, 1984). 
No-tillage soils contain more organic C and N, which would benefit those nitrifying 
heterotrophs, causing competition with autotrophic nitrifiers and resulting in more 
fluctuation of autotrophic nitrifier populations. 
I estimated the potential nitrification rate using potential ammonia-oxidation 
incubation. In this study I tested both NO2- and NO3- produced during incubation and 
calculated the nitrification rate as their sum. There are three reasons for this. First, I 
might not have added enough chlorate in the incubation, or some chlorate might be 
absorbed by organic matter, so chlorate inhibition of NO2- oxidation might be 
insufficient. Second, there was a time lag for complete inhibition of NO2- oxidation by 
chlorate. Third, NOB could reduce chlorate to chlorite, and chlorite could chemically 
oxidize NO2- to NO3- (Rusmana and Nedwell, 2004). To fully characterize 
ammonia-oxidation activity, determination of both NO2-and NO3- was necessary. 
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Though there was a significant tillage by fertilizer N rate interaction on PNR (Fig. 
10), the impact of N fertilizer addition was more general than that for tillage. Tillage 
had a significant influence on PNR only at the highest N rate (336 kg N ha-1). The 
trends in the PNR and MPN data were not completely consistent. For example, NOB 
MPN was greater for plowed soil fertilized at 168 kg N ha-1 than for no-till soil 
fertilized at 168 kg N ha-1 (Fig. 7), but PNR values were not different. Others have 
found that the correlation between nitrifier density and activity are not always 
consistent (Aarnio and Martikainen, 1995). For example, three days after fertilization 
the nitrification rates in an arable soil increased but the AOB density was unchanged. 
Six weeks later, the AOB density increased and the nitrification rate declined. This 
means that the rapid increase in nitrification was not explained by population 
expansion but by a microbial phenotype change (Mendum et al., 1999). Studies on 
soil nitrifying bacteria communities from different ecological regions in China 
showed that there was no relationship between nitrification potential and soil nitrifier 
density (Yuan et al., 2005). These observations argue for further investigations into 
changes in nitrifier community structure. 
The SNR (Specific Nitrification Rate) was calculated with PNR and MPN data. 
The two data sets were collected in different years. However, the study site is a 
relatively stable ecosystem due to very long-term and constant fertilizer, tillage and 
crop management. Both average soil moisture and temperature were approximately 
the same each sample year. Given these, the SNR data will reflect a trend in microbial 
properties. In plowed soils, the SNR did not change greatly with fertilization. 
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Noticeably, moderately N fertilized no-till soils gave the highest SNR while the 
unfertilized and heavily N fertilized no-till soils exhibited much lower SNR values. 
This indicated that N fertilization could stimulate microbial activity, but when the N 
rate exceeds some threshold, the intra-competition among nitrifiers might inhibit the 
SNR, either because of increased nitrifier density or selection for nitrifier phenotypes 
with less efficiency. 
 
Conclusion 
Tillage, N fertilization, and their interaction significantly influenced nitrifier 
densities and potential nitrification rate in this long-term continuous maize 
agricultural system. Nitrogen fertilization stimulated both nitrifier densities and PNR, 
but there was no clear linkage between the two, indicating that research into nitrifier 
community structure dynamics will be promising. Typically, the data were influenced 
by the interaction of tillage with fertilizer N rate, causing the impact of N fertilizer 
rate to differ with soil tillage system. More research is needed to determine the key 
influential factors underlying the impact of tillage on the data response to fertilizer N 
rate; whether soil moisture, soil organic C and N, and/or the soil mixing process. 
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CHAPTER FOUR 
Ammonia Oxidizing Bacterial Communities Respond to Nitrogen, Season, and 
Tillage in Maize 
Introduction 
Ammonia oxidation contains two steps: First, NH3 is oxidized to hydroxylamine 
(NH2OH) by ammonia monooxygenase (AMO): 
NH3 + O2 + 2H+ + 2e- → NH2OH + H2O 
Then, NH2OH is oxidized to NO2- by hydroxylamine oxidoreductase (HAO) (Arp et 
al., 2002): 
NH2OH + H2O → HONO + 4H+ + 4e-  
The first step in nitrification - NH3-oxidation - is generally regarded as the 
rate-limiting step (Francis et al., 2007) because NO2- rarely accumulates (Kowalchuk 
and Stephen, 2001). For example, research on a nitrifying community performed in a 
lab-scale fluidized bed reactor showed NO2--oxidation was at least as fast as 
NH3-oxidation (Schramm et al., 1998). For a rice paddy soil in China, potential NH3 
oxidation activity was much lower than potential NO2- oxidation activity, implying 
that NH3-oxidizing nitrifiers regulated the pace of nitrification (Ke et al., 2013).  
For slow growing and difficult to culture autotrophic nitrifiers, molecular tools to 
detect and examine their communities are an alternative to conventional culture 
techniques. Most often, amo genes (encoding AMO) have been used as a functional 
marker to investigate AMO’s essential role in NH3 oxidation. There are three 
membrane bound polypeptide subunits of AMO: AmoA, AmoB, and AmoC (Arp and 
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Stein, 2003). The functional amo operon consists of three clusters, amoC-amoA-amoB, 
in order, encoding AmoC, AmoA, and AmoB subunits, respectively (Norton et al., 
2002). AmoA is a 27-30 kDa polypeptide containing the putative active site of AMO 
(Hyman and Arp, 1992). The functional gene amoA is more specific and suitable than 
the 16S rRNA gene for fine-scale differentiation of AOB (Rotthauwe et al., 1997) 
because the similarities among 16S rRNA gene are too great to obtain relatively 
detailed phylogenetic information (Aakra et al., 2001).  
Ammonia-oxidizing archaea (AOA) and AOB coexist in soil, and AOA appear to 
be more abundant than AOB, the AOA/AOB ratios ranging from 1.5 to 232 in 12 
different topsoils (0-10 cm) (Leininger et al., 2006). However, AOB are the 
functionally dominant group responsible for NH3 oxidation in agricultural soil as 
assessed by fingerprinting of amoA genes and DNA stable isotope probing to detect 
CO2 assimilation (Jia and Conrad, 2009). For that reason, AOB were the object of this 
chapter. 
Most AOB are confined to the beta subdivision of the Proteobacteria, including 
Nitrosolobus, Nitrosospira, Nitrosovibrio, Nitrosomonas, and Nitrosococcus mobilis. 
An exception is Nitrosococcus oceanus, which belongs to the gamma subdivision of 
the Proteobacteria (Teske et al., 1994). In soil, AOB belong to the Beta- 
proteobacteria and consist of two major genera, Nitrosomonas (including 
Nitrosococcus mobilis) and Nitrosospira (encompassing Nitrosolobus and 
Nitrosovibrio) (Head et al., 1993; Stephen et al., 1996). Most physiological studies of 
AOB are based on Nitrosomonas europaea, which was first isolated by Sergei 
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Winogradsky and is relatively easily grown in the laboratory. However, Nitrosospira 
are the numerical dominant AOB in soils (Bruns et al., 1999). 
While seemingly intuitive that nitrification rate should increase with increasing 
nitrifier density, the correlation between rate and population has not been consistent 
(Aarnio and Martikainen, 1995) and these two parameters might not change 
simultaneously (Mendum et al., 1999). The nitrifier community responds to many 
factors, such as fertilization (Wu et al., 2011), land use (Taylor et al., 2010), 
temperature (Fierer et al., 2009), and soil pH (Nicol et al., 2008). Clearly, not all kinds 
of nitrifiers make an equal contribution to nitrification. Functional differentiation 
occurs among different AOB species, so an investigation of the dynamics of nitrifier 
community structure is valuable.  
This research evaluated how tillage and N fertilization influenced AOB 
community structure. The experimental context was a long-term continuous maize 
study evaluating three N fertilizer levels and tillage vs. no-tillage. The site design 
helped focus the research on the effects of N fertilizer and tillage by excluding other 
variables such as vegetation, soil type, and other temporary management practices. In 
this study, I used denaturing gradient gel electrophoresis (DGGE) to analyze 
PCR-amplified bacterial amoA genes to detect the community dynamics among 
NH3-oxidizing bacteria under different N fertilization rates, different soil tillage 
management, and in different seasons.  
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Material and Methods 
Site Design 
The field trial from which samples were drawn was initiated in 1970 on the 
Kentucky Agricultural Experiment Station’s Maine Chance farm near Lexington KY 
(N 38°07'24", W 84°29'50") on a site with 1 to 3 % slope, a southerly aspect, and 
exhibiting no to slight erosion (Frye and Blevins, 1996). Previously, the site had been 
a bluegrass (Poa pratensis L.) pasture for nearly 50 years. The climate is temperate, 
having an average annual rainfall of 110 cm (about 40 % falls in summer – May to 
September), an average annual temperature of 13oC, and a growing season duration of 
175 days (Frye and Blevins, 1996). 
The soil is a moderately weathered Maury silt loam (fine, mixed semi-active, 
mesic Typic Paleudalf), deep, well-drained, and formed in the residuum of phosphatic 
Ordovician limestone. The soil contains no free CaCO3, and the clay fraction, 
dominated by vermiculite, kaolinite and illite (Frye and Blevins, 1996), also contains 
significant amounts of amorphous Fe and Al oxides (Chung et al., 2008). 
The experiment design is a split-block with four replications, each block split 
along the long dimension for the tillage treatments [no tillage (NT) and moldboard 
plow tillage (PT)] and across the long dimension for the four N rates (0, 84, 168, and 
336 kg N ha-1), resulting in a final plot size of 5.5 m by 12.2 m. Tillage and N rate 
treatments have been maintained on the same plots for the duration of the experiment. 
The present study did not examine the 84 kg N ha-1 rate. 
The site is continuously summer cropped to maize (Zea mays L.) for grain 
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followed by a winter annual cereal cover crop. The PT treatment consists of 
moldboard plowing to a depth of 20 to 25 cm in the third or fourth week of April each 
year, about 1 to 2 weeks before planting maize. Secondary tillage of plowed plots is 
performed with two passes of a tandem disk; mixing soil to a depth of 8 cm. 
Ammonium nitrate is surface broadcast within one week of planting. Maize is 
harvested in late September or early October each year, and combine-shredded 
residues are left on the soil surface. After maize harvest the winter cereal is planted 
over the entire experimental area, without any tillage, using a NT drill. 
 
Climate and Soil Properties Relative to This Research 
Relevant precipitation and temperature data for the sampling periods were 
obtained from the University of Kentucky Agriculture Weather Center 
[wwwagwx.ca.uky.edu]. The monthly total precipitation immediately before sampling 
was 9.5 cm in December (2011) and 20.2 cm in June (2013). The average bare soil 
temperature at a 10 cm depth one month before sampling in December was 6.9 ℃ and 
23.1 ℃ in June.  
 
Sample Collection and Processing 
Soil samples were collected from the top 15 cm in each plot (rye cover crop side 
only) fertilized at 0, 168, and 336 kg N ha-1 using a core sampler (2 cm diam.) in 
December 2011 and June 2013. On both sampling occasions, ten cores were removed 
from each plot (5 in row and 5 between row), composited, and transported from field 
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to lab in sealed plastic bags on ice. Mixed soils were removed from each bag to three 
Eppendorf tubes as soon as possible and stored at -80°C for DNA extraction. 
 
DNA Extraction 
Total soil DNA was extracted from 0.25 g soil using a MACHEREY-NAGEL 
NuceloSpin® soil genomic DNA isolation kit (Düren, Germany) according to the 
manufacturer’s instructions but with the following minor modifications: lysis buffer 
SL1 was used and centrifuged 2 min to precipitate contaminants; elution buffer SE 
was incubated at 80°C before use; DNA was eluted with 50 µL SE (the first elution 
with 30 µL SE; a second elution with 20 µL SE) and incubated 5 min before 
centrifuging. The DNA samples were stored at -20°C. 
 
PCR Amplification 
The primer pair, amoA-1F (5’ -3’ GGG GTT TCT ACT GGTGGT) and amoA-2R 
(CCC CTC KGS AAA GCC TTC TTC) (Rotthauwe et al., 1997) were used to amplify 
the bacterial amoA. When PCR amplifications were performed for subsequent DGGE 
analysis, a GC (guanosine-cytosine) clamp (CGC CCG CCG CGC GCG GCG GGC 
GGG GCG GGG GCA CGG GGG G) was added to the 5’ end of each forward primer. 
The PCR amplification was performed with a MyCyclerTM Thermo Cycler (Bio-Rad 
Laboratories, Inc.) using Thermo Scientific DreamTaq Green DNA Polymerase 
(Thermo Fisher Scientific Inc.). 
The 25 µL reaction mixture contained 2.5 µL 10X DreamTaq Green Buffer, 2.5 
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µL dNTP Mix (0.2 mM of each), 0.5 µM of each primer, 0.78 U of DreamTaq DNA 
Polymerase, and 2 µL of soil DNA template. The thermal profile of the PCR was as 
follows: 5 min at 95°C for initial denaturation; 35 cycles consisting of 30 s at 95°C 
for denaturing, 30 s at 57°C for annealing, and 60 s at 72°C for extension; a final 10 
min at 72°C for extension. 
 
Sanger Sequence 
A PCR sample of each gene was randomly sequenced to confirm that the 
appropriate gene was amplified with these primers. The PCR products were purified 
with the GeneJET PCR Purification Kit (Thermo Scientific, Waltham, MA), ligated 
into the pGEM-T vector using pGEM®- T Easy Vector Systems (Promega, Madison, 
WI), transformed into electrocompetent Escherichia coli cells using the Gene Pulser 
Xcell microbial system (Bio-Rad, Hercules, CA), and cultured on LB agar plate 
containing carbenicillin (100 µg/mL) with 40 µL of X-Gal (20 ng/mL), and 40 µL of 
100 mM IPTG to indicate colonies with the target gene inserted. Plasmid minipreps 
with the GeneJET Plasmid Miniprep Kit (Thermo Scientific, Waltham, MA) were 
performed and sent to the Advanced Genetic Technology Center at the University of 
Kentucky for Sanger sequencing on an ABI 3730. Nucleotide BLAST queried against 
the GenBank database was used to identify the gene sequence and verify the primers 
worked well (Benson et al., 2013). 
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DGGE 
Amplicons within the PCR products were separated by denaturing gradient gel 
electrophoresis analysis with the D Code™ Universal Mutation Detection System 
(Bio-Rad Laboratories, Hercules, CA). Duplicate 20 µL samples of PCR products of 
bacterial amoA genes were loaded onto 6% polyacrylamide gradient gels with a 
denaturing gradient of 50-65% (100% denaturant contains 7 M urea and 40% 
formamide). Electrophoreses were performed at 56°C and 69 V for 17 h. 
 
DGGE Gel Analysis 
The gels were stained with Gel Red (Phenix Research Products, Candler NC) for 
40 min with gentle shaking. The Kodak Gel Logic System (ID Image Analysis 
Software V3.6.5; Rochester NY) was used to obtain a photographic record. 
Gel photographs were analyzed with BioNumerics v. 7.5 (Applied Maths, Austin 
TX). All images were normalized based on standard lanes in each gel. One sample, 
which yielded five distinct and well distributed bands, was chosen as the standard 
(Earing et al., 2012). The minimum profiling value was set at 5% of the maximum 
value of a lane. All software-identified bands were kept, and obvious bands that 
software did not identify were manually identified. Comparisons were made using 
Dice’s algorithm (Dice, 1945) for the positive and negative band categories and 
reported as percent similarity. The UPGMA (Unweighted Pair Group Method with 
Arithmetic Mean) dendrograms were constructed from Dice’s analysis in 
BioNumerics with Dice’s algorithm. Group separation analysis was applied to test the 
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group violation under different group factors based on similarities. The 
Shannon-Wiener diversity index was calculated based on the total number of bands 
and the intensity of the individual band of each sample. Shannon-Wiener diversity = ∑ −𝑛𝑛𝑖𝑖=1  ℎ𝑖𝑖𝐻𝐻 𝑙𝑙𝑙𝑙𝑙𝑙 ℎ𝑖𝑖𝐻𝐻  (n= total band number; hi= intensity of band i; H= total intensity of 
all band). A frequency map was produced based on the band-matching table created 
with defined band positions.  
 
Statistical Analysis 
All statistical analyses were performed with SPSS version 22, and univariate 
analysis of variance (UNIANOVA) and one-way analysis of variance (ANOVA) 
followed by Tukey HSD for multiple comparisons. P < 0.1 was considered to be 
statistically significant, because of the inherent variability of field samples. 
Non-metric multidimensional scaling (NMDS) ordination plots were generated in 
PC-ORD version 6 based on the Bray-Curtis dissimilarity at the presence or absence 
of specific bands. To statistically support the NMDS ordination, multiple response 
permutation procedure (MRPP) was performed and the p-values were corrected for 
multiple comparisons with Benjamini-Hochberg procedure with adjusted p value and 
setting 10 % false discovery rate. 
 
Results 
Primer Confirmation 
The primers used for the amoA gene DGGE analysis targeted the desired 
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functional genes, which was confirmed by selecting 3 random PCR-DGGE samples 
for cloning, sequencing one of these random clones, and then alignment with NCBI 
Blast nucleotide sequences. The sequenced bacterial amoA gene has 98% identity 
with 53 uncultured and 1 cultured (Nitrosospira sp. Wyke8) clones (Appendix 1).  
 
Shannon-Wiener Diversity of AOB amoA Based on DGGE Band Patterns 
When considering the interaction of tillage and fertilizer rates, six combined 
treatments were recognized: 0N-NT, 0N-PT, 168-NT, 168-PT, 336N-NT, and 
336N-PT. In this coding system, 0N, 168N, and 336N represented the fertilizer N (kg 
N ha-1); the second represented the tillage treatments with PT and NT representing 
plow tillage and no-tillage, respectively. 
There was a significant tillage by fertilizer N rate interaction on the 
Shannon-Wiener diversity index (p = 0.068) as determined by the amoA DGGE bands 
(Table 2). In view of the interaction of tillage and fertilizer, the Shannon index of the 
most diverse treatment (336N-NT) was significantly higher than that of the least 
diverse treatment (0N-NT) (p=0.013).  
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Table 2: Statistic analysis of Shannon-Wiener diversity index of ammonia-oxidizing 
bacterial community. 
Source Significance. (p-value) 
Tillage 0.292 
Fertilizer 0.025 
Season 0.087 
Tillage * Fertilizer 0.068 
Tillage * Season 0.397 
Fertilizer *Season 0.758 
Tillage * Fertilizer * Season 0.599 
 
Embedded within the tillage by fertilizer N rate interaction, the main effect of 
fertilizer N rate was significant (p = 0.025) and positive (Fig. 12). However, 
embedded within the tillage by fertilizer N rate interaction, the main effect of tillage 
was not significant (p = 0.292). Sampling date/season had a significant influence on 
the AOB Shannon-Wiener diversity index (p = 0.087). 
Because tillage and fertilization were the two key factors with which I was 
concerned, the Shannon- Wiener diversity index data were analyzed separately by 
summer and winter season. In summer, there was no significant difference of 
Shannon- Wiener diversity index among treatments. In winter, the Shannon-Wiener 
diversity index of amplified amoA was significantly affected by the interaction of 
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tillage and fertilizer N rate (p = 0.056). Plow tillage treatments were more diverse 
than NT treatments when no N was applied, whereas NT soils exhibited more 
diversity than PT soils when fertilizer N was used (Table 3). Also, embedded within 
the tillage by fertilizer N rate interaction, the main effect of fertilizer N rate was 
significant (p = 0.011) as was the main effect of tillage (p = 0.066). In each fertilizer 
treatment, the Shannon index was always significantly higher in NT than PT (Fig. 12). 
 
 
Figure 12: Shannon-Wiener diversity index of amoA DGGE bands from winter 
samples due to the interaction of soil tillage and N fertilizer rate. PT and NT represent 
plow tillage and no-tillage, respectively. Standard deviation is shown by error bars. 
Columns with the same letter within the same N fertilizer rate are not significantly 
different (p>0.10).  
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Table 3: Shannon-Wiener diversity index of different season, tillage, and fertilizer 
treatments. 
Season Tillage 
Fertilizer (kg N ha-1) 
0 168 336 
Summer 
PT 1.1304 1.1456 1.1145 
NT 0.9981 1.1672 1.2517 
Winter 
PT 1.0120 0.9542 1.1000 
NT 0.9513 1.1495 1.2045 
 
PT = plow tillage; NT = no-tillage 
 
Similarity Analysis of amoA Based on DGGE Band Patterns 
Clusters were determined based on the similarity of DGGE band positions. There 
were three separate groups apparent in the cluster analysis combining all soil samples: 
“winter samples,” “higher N samples,” and “summer samples” (Fig. 13). Most winter 
samples were grouped in “winter samples.” However, most 336N-NT winter samples 
grouped with other 336N-NT summer samples in “higher N samples.” The other 
lower N and PT summer treatments were grouped in “summer samples” (Fig. 13). 
Moreover, group separation analysis showed that the similarity of all summer samples 
was 58 % and that of all winter samples was 96 %.  
 
 
 
Figure13: Similarity analysis for the amoA DGGE profiles from all soil treatments. 0N, 168N, and 336N represent the fertilizer N rate (kg N 
ha-1). PT and NT represent plow tillage and no-tillage, respectively. S and W represent summer and winter, respectively. 1, 2, 3, and 4 represent 
the sampled block number. Similarity was determined by Dice’s analysis of the positive and negative band categories. The similarity (%) is 
indicated in the UPGMA dendrogram.  
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The similarity analyses for the different sampling events/seasons were performed 
separately to reveal more information concerning fertilization and tillage. According 
to separate group analysis, tillage and fertilizer N rate both influenced DGGE profiles. 
The average similarity of all summer NT samples was 75 % and for summer PT 
samples was 67 %. The similarities were very low for 0N and 168N samples, 25 % 
and 13 %, respectively. However, the average similarity of all 336N samples was 
88 %. The cluster of summer samples showed that tillage and N rate interacted, 
because the N fertilized NT samples grouped as “Fertilized-NT.” Block also 
influenced the results; all Block 4 samples grouped together, and samples from PT 
Blocks 1 and 2 grouped as “PT-Block 1,2” (Fig. 14), even though there was no 
significant difference of soil pH, total C, total N, and C:N ratio among soils of 
different blocks (data not shown).  
The average similarity was 42 % for all winter NT samples and 67 % for winter 
PT samples. The similarities were very low for 168N samples (25 %). However, the 
average similarity of 0N and the higher fertilized (336N) samples were 75 % and 
88 %, respectively. The cluster graph showed that some PT samples, some N rate 
samples, and some fertilized samples grouped separately; in the uppermost and the 
bottom clusters of this dendrogram, 8 of 10 samples belonged to Block 3 and Block 4 
(Fig. 15). 
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Figure 14: Similarity analysis for the amoA DGGE profiles from the different soil 
treatments on samples taken in summer. 0N, 168N, and 336N represent the fertilizer 
N rate (kg N ha-1). PT and NT represent plow tillage and no-tillage, respectively. S 
represents summer. 1, 2, 3, and 4 represent the sampled block number. Similarity was 
determined by Dice’s analysis of the positive and negative band categories. The 
similarity (%) is indicated in the UPGMA dendrogram.  
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Figure 15: Similarity analysis for the amoA DGGE profiles from the different 
treatments on samples taken in winter. 0N, 168N, and 336N represent the fertilizer N 
rate (kg N ha-1). PT and NT represent plow tillage and no-tillage, respectively. W 
represents winter. 1, 2, 3, and 4 represent the sampled block number. Similarity was 
determined by Dice’s analysis of the positive and negative band categories. The 
similarity (%) is indicated in the UPGMA dendrogram.  
 
NMDS Analysis of AOB Based on amoA DGGE Band Patterns 
Nonmetric multidimensional scaling (NMDS) ordinations were performed to 
show the similarity among all summer samples, which were grouped into six 
treatments: 1 = 0N-NT, 2 = 0N-PT, 3 = 168-NT, 4 = 168-PT, 5 = 336N-NT, 6 = 
336N-PT (Fig. 16). Axis 1 and 2 explained 25% and 28% of the total variation in 
AOB communities, respectively. Treatment 1 (0N-NT) with the lowest Shannon index 
and treatment 5 (336N-NT) with the highest Shannon index had no overlap, but there 
was overlap among other treatments. To test significant differences in amoA bands 
between paired treatments a multiple response permutation procedure (MRPP) was 
performed. Treatment 5 (336N-NT) was significantly different from treatments 2 
(0N-PT, p = 0.037), 1 (0N-NT, p = 0.070), and 4 (168N-PT, p = 0.072) (Table 4).
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Figure 16: Nonmetric multidimensional scaling (NMDS) plots of AOB communities 
from the summer samples of the six treatments: 1 = 0N-NT, 2 = 0N-PT, 3 = 168-NT, 4 
= 168-PT, 5 = 336N-NT, and 6 = 336N-PT. 0N, 168N, and 336N represent the 
fertilizer N rate (kg N ha-1). PT and NT represent plow tillage and no-tillage, 
respectively. Distances between symbols indicate similarity of amoA DGGE band 
patterns. The suffix number with every sample name indicates the block number. 
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Table 4: Multiple response permutation procedure analysis of summer amoA DGGE 
bands. 
Comparison p value Comparison p value Comparison p value 
1 vs.2 0.828 2 vs. 3 0.643 3 vs. 5 0.342 
1 vs. 3 0.171 2 vs. 4 0.955 3 vs. 6 0.537 
1 vs. 4 0.517 2 vs. 5 0.037 4 vs. 5 0.072 
1 vs. 5 0.070 2 vs. 6 0.670 4 vs. 6 0.233 
1 vs.6 0.114 3 vs. 4 0.199 5 vs. 6 0.364 
Pairwise comparisons between 6 treatments: 1 = 0N-NT, 2 = 0N-PT, 3 = 168-NT, 4 = 
168-PT, 5 = 336N-NT, and 6 = 336N-PT. p values were not corrected for multiple 
comparison. PT = plow tillage; NT = no-tillage; 0, 168, and 336 refer to kg ha-1 
fertilizer N added as NH4NO3. Bold numbers indicate significant comparisons and 
the significances were corrected using Benjamini-Hochberg procedure with adjusted p 
value and setting 10 % as false discovery rate. 
 
The similarity among all winter samples (1 = 0N-NT, 2 = 0N-PT, 3 = 168-NT, 4 = 
168-PT, 5 = 336N-NT, and 6 = 336N-PT) is shown in Fig. 17. Axis 1 and 2 explained 
35 % and 17 %, respectively of the total variation in AOB communities, respectively. 
To test significant differences in amoA bands between paired treatments, a multiple 
response permutation procedure (MRPP) was performed (Table 5). Treatment 1 
(0N-NT) was significantly different from treatments 5 (336N-NT, p = 0.040) and 6 
(336N-PT, p = 0.058). Treatment 5 (336N-NT) was also significantly different from 
treatment 4 (168N-PT, p = 0.031). For samples with the same level of applied N, 
there was almost no overlap between treatment 3 (168N-NT) and treatment 4 
(168N-PT); likewise, treatment 5 (336N-NT) had no overlap with treatment 6 
(336N-PT) (Fig. 4.17). 
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Figure 17: Nonmetric multidimensional scaling (NMDS) plots of AOB communities 
from the winter samples of the six treatments: 1 = 0N-NT, 2 = 0N-PT, 3 = 168-NT, 4 
= 168-PT, 5 = 336N-NT, and 6 = 336N-PT. 0N, 168N, and 336N represent the 
fertilizer N rate (kg N ha-1). PT and NT represent plow tillage and no-tillage, 
respectively. Distances between symbols indicate similarity of amoA DGGE band 
patterns. The suffix number with every sample name means the block number. 
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Table 5: Multiple response permutation procedure analysis of winter amoA DGGE 
bands. 
Comparison p value Comparison p value Comparison p value 
1 vs.2 0.659 2 vs. 3 0.418 3 vs. 5 0.347 
1 vs. 3 0.572 2 vs. 4 0.344 3 vs. 6 0.398 
1 vs. 4 0.201 2 vs. 5 0.211 4 vs. 5 0.031 
1 vs. 5 0.040 2 vs. 6 0.677 4 vs. 6 0.705 
1 vs.6 0.058 3 vs. 4 0.302 5 vs. 6 0.177 
Pairwise comparisons between 6 treatments: 1 = 0N-NT, 2 = 0N-PT, 3 = 168-NT, 4 = 
168-PT, 5 = 336N-NT, and 6 = 336N-PT. p values were not corrected for multiple 
comparison. PT = plow tillage; NT = no-tillage; 0, 168, and 336 refer to kg ha-1 
fertilizer N added as NH4NO3. Bold numbers indicate significant comparisons and 
the significances were corrected using Benjamini-Hochberg procedure with adjusted p 
value and setting 10 % as false discovery rate. 
 
Band Matching Analysis of amoA Based on DGGE Band Patterns 
Based on band matching analysis, 57 bands of amoA were identified from all soil 
samples. For each treatment, there were 4 blocks as field replicates; the numbers (0-4) 
in the band frequency map indicate how many times that particular band appeared 
among the 4 blocks; the more times the band appeared, the darker the color (Fig. 18).  
Three bands (13, 14, and 20) appeared only in winter samples (5.3 %); ten bands (3, 4, 
6-12, and 15) appeared only in summer samples (17.5 %). These band groupings 
indicated seasonal effects. There were also some bands not influenced by season, 
fertilizer, or tillage, e.g., seven bands (1, 27-29, 31, 35, and 41) were common to all 
treatments (12.3 %).  
In summer (a total of 54 bands), seven bands (2, 23-26, 34, and 43) were common 
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to all treatments (13.0 % of summer bands). Fourteen bands (3-10, 16-19, 49, and 55) 
appeared only in N fertilized treatments (26.0 % of summer bands), whereas three 
bands (11, 12, and 15) appeared only in unfertilized samples (5.6 % of summer bands). 
Additionally, there were four bands unique to various treatment combinations: band 
11 appeared only in 0N-PT; band 12 appeared only in 0N-NT; band 49 appeared only 
in N fertilized PT; and band 55 appeared only in N fertilized NT (Fig. 18). 
 
 
 
 
 
 
 
Figure 18: Frequency map for the band matching table for all soil amoA samples reflecting how many times each band was present in the four 
replicates. Color (white to gray to black) indicates the frequency (low to high). 0N, 168N, and 336N represent the fertilizer N rate (kg N ha-1). 
PT and NT represent plow tillage and no-tillage, respectively. S and W represent summer and winter, respectively. 1, 2, 3, and 4 represent the 
number of times the band was present. 
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In winter (47 bands total), five bands (30, 32, 36, 39, and 40) were common to all 
treatments (10.6 % of winter bands). Sixteen bands (2, 5, 13, 14, 16-18, 37, 45, 47-50, 53, 
55, and 56) appeared only in N fertilized samples (34.0 % of winter bands); there was no 
unique band in unfertilized samples. Compared to summer samples, more tillage 
influences were exhibited: seven bands (2, 5, 13, 14, 48, 50, and 55) appeared only in 
N-fertilized NT soils (14.9 % of winter bands) whereas band 38 appeared only in PT with 
336 kg N ha-1, and band 22 appeared in PT treatments regardless of N rate (Fig. 18). 
 
Discussion 
Various studies have addressed the effects of tillage and N fertilization on the 
NH3-oxidizing nitrifier community, but the conclusions have been inconsistent and key 
direct influential factors have not been clearly identified. For example, AOB diversity of 
grasslands not fertilized with N was greater than that of N fertilized grassland soils 
(Webster et al., 2002) while the AOB community was more diverse in N-fertilized 
treatments than in phosphorus and potassium fertilized and non-fertilized treatments in a 
sandy loam soil with a rotation of winter wheat (Triticum aestivum L.) and summer maize 
(Zea mays L.) in China (Chu et al., 2007). The long-term continuous maize study utilized 
here helped to mitigate some of the ambiguity among site differences. 
The DGGE distinguishes the AOB communities by separating bacterial amoA genes 
of the same length but differing sequence. The different gene fragments “denature” at 
different positions in the DGGE gel due to different mobility. Compared to completely 
helical DNA the mobility decreases and halts when the DNA molecule partially melts as a 
consequence of increasing urea content (Muyzer et al., 1993). I assumed that different 
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bands represented different taxonomic units, and diversity and similarity analyses among 
samples were performed based on DGGE-band patterns. But I recognize that because of 
common migration patterns for different taxonomic units, this assumption could 
underestimate true diversity. 
The Shannon-Weiner index is commonly used to evaluate community diversity 
(Dunbar et al., 2000; Urakawa et al., 2008); a higher index value indicating greater 
diversity. Compared to other research using DGGE to assess nitrifier populations, which 
used visual approximation of band pattern (e.g. Chu et al., 2007; Shen et al., 2008) more 
bands were identified in the present study, which utilized BioNumerics (Applied Maths, 
Austin, TX) software for band identification. The software allowed a Shannon-Wiener 
diversity index to be calculated based on the total band number and the intensity of 
individual bands in the samples.  
Overall, the AOB became more diverse with increasing N (p = 0.025), which is 
consistent with several previous studies. For example, in a 16-year fertilizer experiment 
in China, with a rotation of winter wheat (Triticum aestivum L.) and summer maize (Zea 
mays L.), the AOB community was more diverse in N-fertilized treatments (Chu et al., 
2007). The result was consistent the following year (Shen et al., 2008) which indicated 
that in a long-term fertilized field, the AOB community diversity of different treatments 
was relatively constant in different sampling years. In the present study, seasonal 
sampling occurred in different years. But the results of this long-term fertilized field 
study also indicated that AOB community diversity for different treatments was relatively 
constant across different sampling years.  
Sample season (summer vs. winter) had a significant influence on the AOB 
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Shannon-Weiner diversity index (p = 0.087). I acknowledge that the different summer 
and winter crop species may have confounded the effect of season on the AOB 
community, but I feel that seasonal weather dominates as the cause of the seasonal impact 
on AOB diversity. Available N dramatically changes with season due to changes in 
residual fertilizer N levels and maize harvest. Additionally, Fierer et al. (2009) observed 
that compared to other environmental factors such as N availability, mean annual 
precipitation, and soil pH, changing temperature exhibited the strongest positive 
correlation with AOB community composition. Soil samples from locations with similar 
mean annual temperature tended to have similar AOB communities. In the present study, 
AOB were more diverse in summer than winter samples. When analyzing summer and 
winter samples separately, the influences of N fertilizer and tillage on the AOB 
community followed the same trends – fertilizer N stimulated diversity and especially in 
N fertilized NT samples - but was more significant in winter. In winter, other 
environmental factors such as soil water content and root secreta likely became more 
homogenous, which might reduce AOB diversity and also cause the effects of tillage and 
fertilization to be more statistically distinguishable. 
Without N fertilizer, there was no significant difference in diversity between NT and 
PT soil in either summer or winter samples, whereas in N fertilized treatments, the AOB 
diversity was greater in NT than PT, which exemplified the tillage by N rate interaction 
where the greater response to N occurred in NT soils. In unfertilized soils, N deficiency 
was the dominant constraint to nitrifiers; whereas with N fertilizer applied, other 
environmental factors had more influence. The greater heterogeneity, better moisture 
conditions, and higher organic matter in NT appeared to benefit microscale niche 
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separation and AOB diversity. 
Dendrograms showed sample clustering based on the similarity of DGGE band 
patterns, but that similarity can be given a quantitative basis. Group violation was 
calculated to show the similarity value within a group; a higher group separation value 
(percentage of non-violation) meant the group factor was more responsible for separating 
samples. For example, Fig. 13 suggested that most winter samples clustered together with 
a group separation value of 96%, which indicated that sample season had dramatic 
influence on AOB communities. The lower group separation similarity of summer 
samples (58 %) also indicates that summer AOB niches were more heterogeneous. 
Analyzing summer and winter data separately therefore helped to focus the influences 
due to tillage and N fertilizer. 
Most of the highest fertilized N rate (336N) soils clustered together in both summer 
and winter, with group separation value of 88 % for both seasons, indicating the N 
fertilizer selection for AOB community. Tillage differences were also apparent in 
dendrograms. In summer and winter, PT samples from Blocks 1 and 2 clustered together, 
with group separation (PT) value of 67 % for both seasons. The group separation value 
for NT was higher in summer (75 %) than winter (42 %). One major characteristic of NT 
soil is greater hydraulic conductivity, infiltration rate, and water retention capacity 
(Azooz and Arshad, 1998) which appeared to have greater significance in summer than 
winter. Another difference between summer and winter samples was that Block 4 was an 
obvious group factor in summer but not in winter (Fig. 16). Block 4 exhibits slightly 
greater slope at this site, and may have somewhat different soil physical properties 
(especially surface texture) associated with slightly elevated water erosion. These 
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differences can impact soil water retention, impacts that are more manifest in summer 
than winter, when soil moisture becomes more uniform in this udic soil moisture regime 
as the soil generally rewets and plant water use becomes minimal. These soil moisture 
differences certainly operate at the microbial scale, which further suggests that soil 
physical environments can select among the microbial population. Additionally, the block 
effect implies that AOB diversity differed at a small scale within a relatively uniform 
landscape, in the presence of long-term management practices.   
This suggests that random sampling in broad scales inevitably reveals community 
diversity without adequately revealing the critical factors controlling the AOB 
community diversity. 
The NMDS analysis provides a way to visually evaluate differences among 
treatments. For summer samples, the AOB community differences between 336N-NT and 
the two unfertilized treatments (0N-NT and 0N-PT) were significant. This was consistent 
with Shannon-Weiner results; 336N-NT had the highest index while the unfertilized 
treatments had the two lowest indices, and indicated that the Shannon-Wiener diversity 
index was a useful parameter that could reflect consistent differences between samples as 
demonstrated in the band-pattern analysis. 
In PT soils, the AOB community at medium fertilization (168N) was more similar to 
unfertilized (0N) than highly fertilized (336N) treatments (Fig. 19), which means that the 
highest fertilizer rate (336N) further selected AOB composition. In NT soils, unfertilized 
samples (0N-NT) had almost no overlap with the two fertilized treatments, and the 
different N fertilizer rates also led to different AOB communities based on the DGGE 
band patterns (Fig. 20). Organic N is the important N source for AOB in unfertilized NT 
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and PT soils and the change from an organic N source to an inorganic N source 
(NH4NO3) might explain the difference in AOB community between unfertilized and N 
fertilized NT soils. When comparing N fertilized treatments, there was no overlap in 
NMDS plots between 168N-PT and 336N-NT, but 168N-NT and 336N-PT were 
transitions between those separated treatments (Fig. 21), which meant that to have some 
overlap of NMDS plots the samples needed to have the same level of at least one variable: 
tillage or N fertilization rate. 
In N fertilized winter soils, 168N-PT had no overlap with 168N-NT and 336N-NT. 
The AOB community of 168N-PT was closer to 336N-PT than 168N-NT, which implied 
that the tillage influence might be greater than N fertilization in winter. With time, N 
fertilizer influence might be mitigated during winter, what with cover crop N uptake and 
water-driven topsoil N losses. 
The frequency map analyses showed that there were unique bands in different sample 
seasons, at different fertilizer N rates, and with different tillage management, which 
clearly demonstrated the selection function of these parameters on AOB communities. 
Most soil AOB come from two genera: Nitrosomonas and Nitrosospira. While 
Nitrosospira-like AOB are widely distributed in natural environments (Schramm et al., 
1998) Nitrosomonas spp. seem to dominate ammonia-rich systems (Wagner et al., 1996). 
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Figure 19: Nonmetric multidimensional scaling (NMDS) plots of AOB communities from 
three fertilizer treatments in summer in plow tillage: 2 = 0N-PT, 4 = 168-PT, and 6 = 
336N-PT. 0, 168, and 336 represent the fertilization rate (kg N ha-1). PT represents plow 
tillage. Distances between symbols indicate similarity of AOB amoA DGGE band 
patterns. The suffix number of every sample name means the block number. 
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Figure 20: Nonmetric multidimensional scaling (NMDS) plots of AOB communities 
from three fertilizer treatments in summer in no-tillage: 1 = 0N-NT, 3 = 168-NT, and 
5 = 336N-NT. 0, 168, and 336 represent the fertilization rate (kg N ha-1). NT 
represents no-tillage. Distances between symbols indicate similarity of AOB amoA 
DGGE band patterns. The suffix number of every sample name means the block 
number. 
 
 
 
 
 
 
78 
 
 
Figure 21: Nonmetric multidimensional scaling (NMDS) plots of AOB communities 
from 4 fertilized treatments: 3 = 168N-NT, 4 = 168-PT, 5 = 336-NT, and 6 = 336N-PT. 
Distances between symbols indicate similarity of AOB amoA DGGE band patterns. 
The suffix number of every sample name means the block number. 
  
In DGGE gels, Nitrosomonas-like bands stop within a denaturant gel of lower 
concentration, whereas Nitrosospira-like bands migrate to higher denaturant 
concentrations (Nicolaisen and Ramsing, 2002). In the present study, this meant the 
Nitrosomonas-like bands likely stopped in the upper part of the denaturing gel while 
the Nitrosospira-like bands most likely halted in the bottom part of the denaturing gel. 
This behavior provides some opportunity to evaluate the differential effects of 
treatments on the two major AOB groups found in soil. 
The AOB bands were numbered 1 to 57 from the top to the bottom of the gel. 
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There was a relative large gap between band 10 (16% of gel length) and band 12 (37% 
of gel length). I infer that bands 1-10 belong to Nitrosomonas-like AOB and bands 
12-57 belong to Nitrosospira-like AOB. Bands 3-10 (80 % of Nitrosomonas-like AOB) 
appeared only in fertilized treatments, which supports my inference, because 
Nitrosomonas-like AOB could not be detected in unfertilized plots (Hastings et al., 
1997). Except for bands 1, 2, and 6, most Nitrosomonas-like bands (70 % of 
Nitrosomonas-like AOB) did not appear in winter samples, which also indicated that 
Nitrosomonas-like AOB prefer an enriched N environment; less fertilizer N remains 
in winter after maize and cover crop N uptake and topsoil N losses. 
For Nitrosospira-like AOB, bands 12 and 15 appeared only in summer, whereas 
bands 13, 14, and 20 appeared only in winter, which demonstrated seasonal effects. 
Prior observation of the relationship of optimum nitrification temperature to soil 
temperature at time of collection suggests that newly synthesized enzymes are 
produced (Stark, 1996) or the population structure changes (Fierer et al., 2009). These 
results support the latter hypothesis. 
The band number was greater in summer than in winter, indicating greater 
richness in summer, and results similar to those for diversity as determined by the 
Shannon-Wiener index. The band numbers (richness) of fertilized samples were 
greater than those of unfertilized samples in both summer (51 vs. 40) and winter (47 
vs. 31), and the difference was more obvious in winter. This agreed with the diversity 
results, and also indicated that the influence of N fertilizer rate was greater in winter. 
Moreover, there were specific bands illustrating the interaction of tillage, N fertilizer, 
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and sampling season. For example, band 11 appeared only in unfertilized PT summer 
soils; whereas band 2 appeared only in N-fertilized NT winter soils. In future studies, 
those unique bands are valuable targets for further isolation and characterization. 
 
Conclusions 
Tillage, N fertilization, season, and their interaction all play a role in selecting for 
the AOB community that develops in soil when crop management is otherwise held 
constant. Studies focusing on those specific bands that directly reflect the influence of 
N fertilizer and tillage treatments would be useful in further describing dynamic 
changes in the nitrifier community, the susceptibility of certain groups to specific 
management practices, and identifying potential keystone species. 
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CHAPTER FIVE 
Tillage, Not Fertilization, Dominantly Influences the Ammonia-Oxidizing 
Archaea in Long-term Maize 
Introduction 
Ammonia (NH3) oxidation is the first and rate-limiting step in autotrophic 
nitrification because NO2- rarely accumulates regardless of the system examined 
(Kowalchuk and Stephen, 2001; Francis et al., 2007), such as in forest systems 
(Aarnio and Martikainen, 1995), in lab-scale fluidized bed reactors (Schramm et al., 
1998), and in rice paddy soil (Ke et al., 2013). Aerobic, prokaryotic ammonia 
oxidation is catalyzed by ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing 
archaea (AOA) and contains two steps: First, NH3 is oxidized to hydroxylamine 
(NH2OH): 
NH3 + O2 + 2H+ + 2e- → NH2OH + H2O 
which is catalyzed by ammonia monooxygenase (AMO). Then, NH2OH is oxidized to 
NO2-: 
NH2OH + H2O → HONO + 4H+ + 4e-  
which is catalyzed by hydroxylamine oxidoreductase (HAO) (Arp et al., 2002). 
Most often, amo genes (encoding AMO), particularly amoA, have been used as 
functional markers to investigate AOA and AOB’s essential role in NH3 oxidation.  
Autotrophic archaeal nitrification was first observed in an isolated marine 
Crenarchaeota (Könneke et al., 2005). In soil the expression of an archaeal amoA-like 
gene was shown by reverse transcription polymerase chain reaction. The expression 
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levels increased after adding NH3, which suggested the existence of AOA (Treusch et 
al., 2005). Specific primer sets for archaeal and bacterial amoA genes were used to 
quantify the nitrifier abundance in 12 soil samples from northern to southern Europe 
and showed that AOA were much more abundant than AOB, with ratios ranging from 
1.5 to 232 in topsoil (0-10 cm) (Leininger et al., 2006).  
Ammonia-oxidizing archaea and bacteria compete for the same energy source 
(NH3) in soils. The coexistence of the two competitors in the same soil environment 
results from their different physiological characteristics and the highly heterogeneous 
soil environment (Morimoto et al., 2011). Compared to AOB, AOA are better adapted 
to low NH4-N conditions (Martens-Habbena et al., 2009) and are more versatile, 
capable of living in unfavorable environmental conditions, such as soils of low pH 
(Nicol et al., 2008) and low O2 (Santoro et al., 2008). The known half-saturation 
constant Km (0.132 μM) of AOA (Nitrosopumilus maritimus strain SCM1) is 200-fold 
lower than that of AOB (Urakawa et al., 2011). The ability to adapt to energy stressed 
conditions by AOA might also be interpreted to suggest that AOA prosper in 
unfertilized forest soils and oligotrophic water, whereas AOB are more competitive in 
fertilized soils and eutrophic waters (Valentine, 2007). 
The response of AOA to increased N resources differs from that of AOB. Cow 
urine applied to grassland soil increased nitrification and the AOB population but not 
the copies of archaeal amoA, which indicated that the increased NH3 oxidation was 
mainly driven by AOB rather than AOA and that the AOA population might not be 
stimulated by N fertilizer (Di et al., 2009).  
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The ubiquitous distribution and purported population dominance of AOA implies 
its potential role in the biogeochemical nitrogen cycle catalyzing NH3 oxidation. But 
the factors that regulate the community of soil AOA and its ecological role in 
agricultural soil are not adequately studied and have broad implications for N 
management in agricultural soil. This research evaluated how tillage and fertilization 
influenced AOA community structure. The site design helped focus on the effects of 
fertilizer and tillage by excluding variation in other variables such as vegetation, soil 
type, and other temporary management. The experiment site was a very long-term 
continuous maize study evaluating two variables: three N fertilizer levels and 
tillage/no-tillage. I used denaturing gradient gel electrophoresis (DGGE) to analyze 
PCR-amplified archaeal amoA genes to evaluate the dynamics of NH3-oxidizing 
nitrifiers under different N fertilization levels, different tillage management, and in 
different seasons.  
 
Materials and Methods 
Site Design 
Details of the site and design have been reported elsewhere (Frye and Blevins, 
1996). They are summarized here for reference. The field trial from which samples 
were drawn was initiated in 1970 on the Kentucky Agricultural Experiment Station 
Maine Chance farm near Lexington KY (N 38°07'24", W 84°29'50") on a site with 1 
to 3 % slope, a southerly aspect, and exhibiting none to slight erosion. Previously, the 
site had been a bluegrass (Poa pratensis L.) pasture for nearly 50 years. The soil is a 
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moderately weathered Maury silt loam (fine, mixed semi-active, mesic Typic 
Paleudalf), deep, well-drained, and formed in the residuum of phosphatic Ordovician 
limestone. The soil contains no free CaCO3, and the clay fraction, dominated by 
vermiculite, kaolinite, and illite also contains significant amounts of amorphous Fe 
and Al oxides (Chung et al., 2008). The climate is temperate, having an average 
annual rainfall of 110 cm (about 40 % falls in summer – May to September), an 
average annual temperature of 13 oC, and a growing season duration of 175 days. 
The experiment design is a split-block with four replications, each block split 
along the long dimension for the tillage treatments [no tillage (NT) and plow tillage 
(PT)] and across the short dimension for the four N rates (0, 84, 168, and 336 kg N 
ha-1), resulting in a final plot size of 5.5 m by 12.2 m. Tillage and N rate treatments 
have been maintained on the same plots for the duration of the experiment. 
The site is continuously summer cropped to maize (Zea mays L.) for grain 
followed by a winter annual cereal cover crop. The PT treatment consists of 
moldboard plowing to a depth of 20 to 25 cm in the third or fourth week of April each 
year, about 1 to 2 weeks before planting maize. Secondary tillage of plowed plots is 
performed with two passes of a tandem disk; mixing soil to a depth of 8 cm. 
Ammonium nitrate is surface broadcast within one week of planting. Maize is 
harvested in late September or early October each year, and combine-shredded 
residues are left on the soil surface. After maize harvest, the winter cereal is planted 
over the entire experimental area, without any tillage, using a NT drill. 
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Weather Relevant to This Research 
Relevant precipitation and temperature data for the sampling periods were 
obtained from the University of Kentucky Ag Weather Center [wwwagwx.ca.uky.edu]. 
The monthly total precipitation data immediately before sampling in December 2011 
was 9.5 cm and for June 2013 20.2 cm. The average bare soil temperature at a 10 cm 
depth one month before sampling was 6.9 ℃ in December and 23.1 ℃ in June.  
 
Sample Collection and Processing 
Soil samples were collected with a core sampler (2 cm diam.) from the top 15 cm 
in each plot (rye cover crop side only) fertilized at 0, 168, and 336 kg N ha-1, 
respectively in December 2011 and June 2013. On every sampling occasion, ten cores 
were removed from each plot (5 in a row and 5 between rows), composited, and 
transported from field to lab in sealed plastic bags on ice. Mixed soils were removed 
from each bag to three Eppendorf tubes as soon as possible and stored at -80 °C for 
DNA extraction. 
 
DNA Extraction 
Total soil DNA was extracted from 0.25 g soil using MACHEREY-NAGEL 
NuceloSpin® soil genomic DNA isolation kit (Düren, Germany) according to the 
manufacturer’s instructions with the following minor modifications: lysis buffer SL1 
was used and centrifuged 2 min to precipitate contaminants; elution buffer SE was 
incubated at 80 °C before use; DNA was eluted with 50 µL SE (the first elution with 
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30 µL SE; a second elution with 20 µL SE) and incubated 5 min before centrifuging. 
DNA samples were stored at -20 °C. 
 
PCR Amplification 
Primer pair, amoA-19F (5’ -3’ ATG GTC TGG CTW AGA CG) (Treusch et al., 
2005) and amoA-634R (TCC CAC TTW GAC CAR GCG GCC ATC CA) (Leininger 
et al., 2006) were used to amplify the archaeal amoA. When PCR amplifications were 
performed for subsequent DGGE analysis, a GC (guanosine-cytosine) clamp (CGC 
CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG G) was added 
to the 5’ end of each forward primer. PCR amplification was performed with a 
MyCyclerTM Thermo Cycler (Bio-Rad Laboratories, Inc.) using Thermo Scientific 
DreamTaq Green DNA Polymerase (Thermo Fisher Scientific Inc.). 
The 25 µL reaction mixture contained 2.5 µL 10X DreamTaq Green Buffer, 2.5 
µL dNTP Mix (0.2 mM of each), 0.4 µM of each primer, 0.78 U of DreamTaq DNA 
Polymerase, and 1 µL of soil DNA template. The thermal profile of the PCR was as 
follows: 5 min at 95°C for initial denaturation; 10 cycles consisting of 30 s at 95°C 
for denaturing, 30 s at 60°C for annealing, and 60 s at 72°C for extension; 25 cycles 
consisting of 30 s at 95°C for denaturing, 30 s at 55°C for annealing, and 60 s at 72°C 
for extension; a final 10 min at 72°C for extension. 
 
Sanger Sequencing 
A PCR sample of archaeal amoA was randomly sequenced to confirm that the 
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appropriate gene was amplified. The PCR products were purified by GeneJET PCR 
Purification Kit (Thermo Scientific, Waltham, MA), ligated into the pGEM-T vector 
using pGEM®- T Easy Vector Systems (Promega, Madison, WI), transformed into 
electrocompetent Escherichia coli cells using the Gene Pulser Xcell microbial system 
(Bio-Rad, Hercules, CA), and cultured on LB agar plate containing carbenicillin (100 
µg/mL), 40 µL of  X-Gal (20 ng/mL), and 40 µL of 100 mM IPTG to indicate 
colonies with target gene inserted. Plasmid minipreps with GeneJET Plasmid 
Miniprep Kit (Thermo Scientific, Waltham, MA) were prepared and sent it to the 
Advanced Genetic Technology Center at the University of Kentucky for Sanger 
sequencing on an ABI 3730. Nucleotide BLAST queried against the GenBank 
database was used to identify the gene sequence and verify the primers worked well 
(Benson et al., 2013). 
 
DGGE 
Amplicons within the PCR products were separated by denaturing gradient gel 
electrophoresis analysis with the D Code™ Universal Mutation Detection System 
(Bio-Rad Laboratories, Hercules, CA). Duplicate 20 µL samples of PCR products of 
archaeal amoA genes were loaded onto 6 % polyacrylamide gradient gels with a 
denaturing gradient of 45-60 % (100 % denaturant contains 7 M urea and 40 % 
formamide). Electrophoreses were performed at 56 °C and 69 V for 17 h. 
The gels were stained with Gel Red (Phenix Research Products, Candler NC) for 
40 min with gentle shaking. The Kodak Gel Logic System (ID Image Analysis 
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Software V3.6.5; Rochester NY) was used to obtain a photographic record. 
Gel photographs were analyzed with BioNumerics v. 6.0 (Applied Maths, Austin 
TX). All images were normalized based on standard lanes in each gel. One sample, 
which yielded five distinct and well distributed bands, was chosen as the standard 
(Earing et al., 2012). The minimum profiling value was set at 5 % of the maximum 
value of a lane. All software-identified bands were kept, and obvious bands that 
software did not identify were manually identified. Comparisons were made using 
Dice’s algorithm (Dice, 1945) of the positive and negative band categories and 
reported as percent similarity. UPGMA (Unweighted Pair Group Method with 
Arithmetic Mean) dendrograms were constructed from Dice’s analysis in 
BioNumerics with Dice’s algorithm. Group separation analysis was applied to test the 
group violation under different group factors based on similarities. Shannon-Wiener 
diversity index was calculated based on the total number of bands and the intensity of 
the individual band of each sample (Bionumerics v 7.5. Austin, TX). Shannon-Wiener 
diversity =  ∑ −𝑛𝑛𝑖𝑖=1  ℎ𝑖𝑖𝐻𝐻 𝑙𝑙𝑙𝑙𝑙𝑙 ℎ𝑖𝑖𝐻𝐻  (n= total band number; hi= intensity of band i; H= total 
intensity of all band). A frequency map was produced based on the band matching 
table created with defined band positions.  
 
Statistical Analysis 
All statistical analyses were performed with SPSS version 22, and univariate 
analysis of variance (UNIANOVA) and one-way analysis of variance (ANOVA) 
followed by Tukey HSD for multiple comparisons. P < 0.1 was considered 
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statistically significant, because of the inherent variability of field samples (Carmer 
and Walker, 1988). Non-metric multidimensional scaling (NMDS) ordination plots 
were generated in PC-ORD version 6 based on the Bray-Curtis dissimilarity at the 
presence or absence of specific bands. To statistically support the NMDS ordination, 
multiple response permutation procedure (MRPP) was performed and the p-values 
were corrected for multiple comparisons with Benjamini-Hochberg procedure with 
adjusted p value and setting 10 % false discovery rate. 
 
 
Results 
Primer Confirmation 
The primers used for archaeal amoA gene DGGE analysis targeted the desired 
functional gene, which was confirmed after sequencing randomly selected 
PCR-DGGE samples and alignment with NCBI Blast nucleotide sequences. The 
sequenced archaeal amoA gene had 98% identity with an uncultured archaeon clone 
(A_GZ_51) and 97% identity with 60 other uncultured archaeon clones (Appendix 2). 
 
Shannon-Wiener Diversity of Archaeal amoA Based on DGGE Band Patterns 
Tillage (p = 0.005) and the interaction of sample season and tillage (p = 0.002) 
had significant effects on the Shannon-Wiener diversity index as determined by 
archaeal amoA DGGE bands (Table 6). Nitrogen fertilizer rates (p = 0.503) had no 
significant influence on AOA Shannon-Wiener diversity index. Because tillage and 
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fertilization were the two key factors with which I were concerned, the 
Shannon-Wiener diversity index data were analyzed separately by season – winter 
(December 2011) and summer (June 2013).  
Table 6: Statistic analysis of Shannon-Wiener diversity index of ammonia-oxidizing 
archaeal community. 
Source Significance. (p-value) 
Tillage 0.005 
Fertilizer 0.503 
Season 0.851 
Tillage * Fertilizer 0.565 
Tillage * Season 0.002 
Fertilizer *Season 0.525 
Tillage * Fertilizer * Season 0.999 
 
In winter, tillage (p = 0.0001) significantly influenced the Shannon-Wiener 
diversity index; NT treatments were more diverse than PT treatments regardless of the 
N fertilizer rates (Fig. 22). In summer, there was no significant difference of 
Shannon-Wiener diversity index among treatments.  
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Figure 22: Shannon-Wiener diversity index of AOA amoA DGGE bands in winter soil 
samples of different tillage treatment. PT and NT represent plow tillage and no-tillage, 
respectively. Standard deviation is shown by error bars. Columns with the same letter 
within a fertilization rate are not significantly different (p>0.10). 
 
Similarity Analysis of Archaeal amoA Based on DGGE Band Patterns 
Clusters were determined based on the similarity of DGGE band positions. There 
were three separate groups shown in the cluster analysis of all soil samples: “PT 
samples,” “NT winter samples,” and “summer samples.” Most NT winter samples 
were grouped in “NT winter samples.” In the “summer samples” group, 15 of 19 
samples came from summer, of which 6 came from PT and 9 came from NT. The 
other 13 PT samples (6 from winter and 7 from summer) were grouped in “PT 
samples” (Fig. 23). Group separation analysis showed that the similarity of all 
summer samples was 78.3 % and that of all winter samples was 64.0 %.  
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Figure 23: Similarity analysis of the archaeal amoA DGGE profiles from all soil treatments. 0N, 168N, and 336N represent the fertilization rate 
(kg N ha-1). PT and NT represent plow tillage and no-tillage, respectively. S and W represent summer and winter. 1, 2, 3, and 4 represent 
sampled block number. Similarity was determined by Dice’s analysis of the positive and negative band categories. The similarity (%) is indicated 
of the UPGMA dendrogram.  
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The similarity analyses were performed in different season samples separately, to 
reveal more information about fertilization and tillage. According to group separation 
analysis, tillage had obvious influence on DGGE profiles of summer samples. The 
average similarity of all summer NT samples was 100.0% and all PT samples was 
83.3 %. The N fertilizer rate influence was not as significant as tillage. The 
similarities for 0N, 168N, and 336N were 50.0%, 25.0%, and 50.0%, respectively. 
Some fertilized NT samples grouped together as “NT fertilized,” showing the 
interaction of tillage and fertilization. Block also influenced the results shown as 
“NT-Block 24” and “Block 13” in Fig. 24. 
 
Figure 24: Similarity analysis of the archaeal amoA DGGE profiles from all soil 
treatments in summer. 0N, 168N, and 336N represent the fertilization rate (kg N ha-1). 
PT and NT represent plow tillage and no-tillage, respectively. S indicates a summer 
(June 2013) sample. 1, 2, 3, and 4 represent sampled Block number. Similarity was 
determined by Dice’s analysis of the positive and negative band categories. The 
similarity (%) is indicated of the UPGMA dendrogram.  
 
In winter, the DGGE profile dendrogram was divided into two groups, “NT” and 
“PT,” indicating the dominant effects of tillage. The average similarities were 83.3% 
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for both winter NT and winter PT samples. The similarities for 0N, 168N, and 336N 
were 0.0%, 50.0%, and 75.0%, respectively (Fig. 25). 
 
Figure 25: Similarity analysis of the archaeal amoA DGGE profiles from all soil 
treatments in winter. 0N, 168N, and 336N represent the fertilization rate (kg N ha-1). 
PT and NT represent plow tillage and no-tillage, respectively. W represents winter 
(December 2011) samples. 1, 2, 3, and 4 represent sampled block number. Similarity 
was determined by Dice’s analysis of the positive and negative band categories. The 
similarity (%) is indicated of the UPGMA dendrogram.  
 
NMDS Analysis of Archaeal amoA Based on DGGE Band Patterns 
Nonmetric multidimensional scaling (NMDS) ordinations were performed to 
show the similarity of all summer samples, which were grouped into 6 treatments: 1 = 
0N-NT, 2 = 0N-PT, 3 = 168-NT, 4 = 168-PT, 5 = 336N-NT, and 6 = 336N-PT (Fig. 
26). Axis 1 and 2 explained 41 % and 12 % of the total variation of the AOA 
community, respectively. The three PT treatments and the three NT treatments were 
almost completely separated; the high fertilized (336N) PT treatment had no overlap 
with any NT treatments in the NMDS plot. To test the significant differences of 
archaeal-amoA band patterns between paired treatments, multiple response 
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permutation procedure (MRPP) was performed (Table 7). Treatment 5 (336N-NT) 
was significantly different from treatment 2 (0N-PT, p = 0.014), 4 (168N-PT, p = 
0.084), and 6 (336N-PT, p = 0.072). Treatment 1 (0N-NT) was significantly different 
from treatment 4 (168N-PT, p = 0.096) and 6 (336N-PT, p = 0.049). 
Table 7: Multiple response permutation procedure analysis of summer 
archaeal-amoA-DGGE bands. 
Comparison p value Comparison p value Comparison p value 
1 vs.2 0.692 2 vs. 3 0.596 3 vs. 5 0.824 
1 vs. 3 0.722 2 vs. 4 0.626 3 vs. 6 0.160 
1 vs. 4 0.096 2 vs. 5 0.014 4 vs. 5 0.084 
1 vs. 5 0.200 2 vs. 6 0.661 4 vs. 6 0.784 
1 vs.6 0.049 3 vs. 4 0.289 5 vs. 6 0.072 
Pairwise comparisons between 6 treatments: 1 = 0N-NT, 2 = 0N-PT, 3 = 168-NT, 4 = 
168-PT, 5 = 336N-NT, and 6 = 336N-PT. p values were not corrected for multiple 
comparison and the significances were corrected using Benjamini-Hochberg 
procedure with adjusted p value and setting 10 % as false discovery rate. 
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Figure 26: Nonmetric multidimensional scaling (NMDS) plots of AOA communities 
from 6 treatments: 1 = 0N-NT, 2 = 0N-PT, 3 = 168-NT, 4 = 168-PT, 5 = 336N-NT, 
and 6 = 336N-PT. Distances between symbols indicate similarity of archaeal amoA 
DGGE band patterns. The suffix number of every sample name indicates the block 
number. 
 
The similarity of all winter samples (1 = 0N-NT, 2 = 0N-PT, 3 = 168-NT, 4 = 
168-PT, 5 = 336N-NT, and 6 = 336N-PT) are in Fig. 27. Axis 1 and 2 explained 31 % 
and 26 % of the total variation of winter AOA communities, respectively. For NT 
treatments, there was no overlap between fertilized samples and unfertilized samples; 
whereas for PT treatments, there was no overlap between two fertilized samples, even 
though both of them had overlaps with unfertilized treatments. However, in summer, 
samples from same tillage managements all had overlaps whether fertilized or not. To 
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test significant differences of archaeal -amoA bands between paired treatments, 
multiple response permutation procedure (MRPP) was performed (Table 8). 
Treatment 4 (168N-PT) was significantly different from treatment 1 (0N-NT, p = 
0.040), treatment 3 (168N-NT, p = 0.04083), treatment 5 (336N-NT, p = 0.069), and 
6 (336N-PT, p = 0.063). Treatment 6 (336N-PT) was also significantly different from 
treatment 1 (0N-NT, p = 0.015) and treatment 5 (336N-NT, p = 0.073).  
Table 8: Multiple response permutation procedure analysis of winter 
archaeal-amoA-DGGE bands. 
Comparison p value Comparison p value Comparison p value 
1 vs.2 0.017 2 vs. 3 0.592 3 vs. 5 0.330 
1 vs. 3 0.295 2 vs. 4 0.966 3 vs. 6 0.395 
1 vs. 4 0.040 2 vs. 5 0.150 4 vs. 5 0.069 
1 vs. 5 0.346 2 vs. 6 0.767 4 vs. 6 0.063 
1 vs.6 0.015 3 vs. 4 0.083 5 vs. 6 0.073 
Pairwise comparisons between 6 treatments: 1 = 0N-NT, 2 = 0N-PT, 3 = 168-NT, 4 = 
168-PT, 5 = 336N-NT, and 6 = 336N-PT. p values were not corrected for multiple 
comparison and the significances were corrected using Benjamini-Hochberg 
procedure with adjusted p value and setting 10 % as false discovery rate. 
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Figure 27: Nonmetric multidimensional scaling (NMDS) plots of AOA communities 
from 6 treatments: 1 = 0N-NT, 2 = 0N-PT, 3 = 168-NT, 4 = 168-PT, 5 = 336N-NT, 
and 6 = 336N-PT. Distances between symbols indicate similarity of archaeal amoA 
DGGE band patterns. The suffix number of every sample name indicates the block 
number. 
 
Band Matching Analysis of Archaeal amoA Based on DGGE Band Patterns 
Based on band matching analysis, 82 bands of archaeal amoA were identified 
from all soil samples. For each treatment, there were 4 blocks as field replicates; the 
numbers (0-4) in the band frequency map indicate how many times a particular band 
appeared in the four blocks; the more times the band appeared, the darker the color 
(Fig. 28). Five bands (26, 27, 29, 41, and 51) appeared only in winter (6 %). Band 37 
appeared only in summer (1 %). These band groupings indicated seasonal effects. 
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There were also some bands not influenced by season, fertilizer, or tillage (e.g., 
eleven bands [2-5, 7, 12, 14, 17, 18, 33, and 34] appeared in all treatments; 13 %).  
In summer (77 bands total), four bands (50, 63, 71, and 72) appeared in all 
treatments (5 % of summer bands). Eleven bands (1, 20-22, 30, 37-39, 56, 64, and 75) 
appeared only in N fertilized treatments (14 % of summer bands), whereas three 
bands (23, 25, and 28) appeared only in unfertilized treatments (4 % of summer 
bands). Additionally, three bands (23, 25, and 28) appeared only in unfertilized NT (4 % 
of summer bands); three bands (21, 30, and 37) appeared only in fertilized NT (4 % of 
summer bands). Regardless of fertilization, two bands (24 and 40) appeared only NT 
treatments (3 % of summer bands); and six bands (44, 47, 56, 61, 65, and 74) 
appeared only in PT treatments (8 % of summer bands) (Fig. 28). 
In winter (81 bands total), seven bands (10, 13, 16, 23, 24, 57, and 73) appeared in 
all treatments (9 % of winter bands). Six bands (1, 41, 52, 56, 67, and 74) appeared 
only in fertilized samples (8 % of winter bands) and band 74 appeared only in 
fertilized NT (1 % of winter bands). Two bands (28 and 75) appeared only in 
unfertilized NT (2.5 % of winter bands); band 54 appeared only in unfertilized PT; 
whereas band 29 appeared in unfertilized both NT and PT. Regardless of fertilization, 
five bands 15, 25, 38, 47, and 55 appeared only in PT treatments (6 % of winter bands) 
(Fig. 28).
 
 
 
Figure 28: Frequency map of band matching table for all soil archaeal amoA samples reflecting how many times each band was present in 4 
replicates. Color (white to gray to black) indicates the frequency (low to high). 0N, 168N, and 336N represent the fertilization rate (kg N ha-1). 
PT and NT represent plow tillage and no-tillage, respectively. S and W represent summer and winter, respectively. 1, 2, 3, and 4 represent the 
number of times the band was present. 
 
 
 
 
101 
102 
 
Discussion 
DGGE distinguished the AOA communities by separating archaeal amoA genes of 
the same length but differing sequence. The different gene fragments migrate to 
different positions in the DGGE gel due to different mobility in the gel. Compared to 
completely helical DNA the mobility halts when the DNA molecule partially 
denatures as a consequence of increasing urea content (Muyzer et al., 1993). I 
assumed that different bands represented different taxonomic units, and diversity and 
similarity analyses among samples were performed based on DGGE-band patterns. 
This assumption could underrepresent true diversity. 
The Shannon-Weiner index is commonly used to quantify community diversity 
(Dunbar et al., 2000; Urakawa et al., 2008); a higher value means greater diversity. 
Compared to other research using DGGE to assess nitrifier populations with about 25 
bands (e.g. Chu et al., 2007; Shen et al., 2008) many more bands (82) were identified 
in the present study, which utilized BioNumerics (Applied Maths, Austin, TX) 
software for band identification. One analyzed gel is shown as an example (Fig. 29).  
Nitrogen fertilizer rates had no significant influence on AOA Shannon-Wiener 
diversity index (p = 0.503) and were not a determinant factor for grouping clusters in 
the AOA -DGGE profile dendrograms. This observation was consistent with other 
studies. In a 17-year fertilizer experiment in China with a rotation of winter wheat 
(Triticum aestivum L.) and summer maize (Zea mays L.) in an alkaline sandy loam, no 
significant change of AOA community among different fertilizer treatments was 
revealed by DGGE patterns (Shen et al., 2008). Long-term N fertilization significantly 
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altered the AOB community structure rather than the AOA community in a paddy soil 
as detected by DGGE analysis of the amoA gene (Wu et al., 2011). 
 
Figure 29: An example of analyzed archaeal amoA gene – DGGE gel. 
 
The AOA community structure data were analyzed separately by season – summer 
and winter - because tillage and fertilization were the two key factors evaluated in this 
study and the seasonal separation from the similarity dendrogram based on archaeal 
amoA DGGE band patterns was obvious.  
Season was not a significant influential factor on the Shannon-Wiener diversity 
index (p = 0.851), but there was an interaction between sample season and tillage, 
which significantly influence the AOA diversity (p = 0.002). Moreover, more bands 
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appeared in winter (81) than in summer (77) indicating that more taxonomic units 
appeared in winter. Two explanations might account for these seasonal effects. The 
winter cover crop may have influenced the AOA community. For example, the 
archaeal amoA genes at Cascade Head Experimental Forest differed by tree type - 
whether red alder (Alnus rubra) or Douglas fir (Pseudotsuga) (Boyle-Yarwood et al., 
2008). Another reason is that winter is relatively less preferable for AOB, which 
might benefit AOA (Schauss et al., 2009). The AOB community composition had the 
strongest positive correlation with changing temperature (Fierer et al., 2009) and there 
is less available N in winter due to crop uptake and N loss after fertilization. 
Additionally, AOA appear to possess a much higher affinity for NH3 than AOB 
(Taylor et al., 2010) and therefore the capacity to thrive with lower available N.  
Although tillage had no significant influence on the Shannon-Winer diversity 
index in summer AOA (p = 0.877), the tillage separation was shown in the visualized 
NMDS plots of summer AOA (Fig. 26) and were supported by the MRPP analysis and 
group violation analysis. Group violation was calculated to show the similarity value 
within a group; a higher group separation value (percentage of non-violation) meant 
the group factor was more responsible for separating samples, 100 % for summer NT 
samples and 83 % for summer PT samples. 
In winter, NT treatments were significantly more diverse than PT treatments (p = 
0.0001) and tillage was the dominant factor for clustering (Fig. 25). The greater 
heterogeneity, better moisture conditions, and higher organic matter in NT appeared to 
benefit microscale niche separation and AOA diversity. Fertilization also generated 
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heterogeneous distribution of NH4+ (Morimoto et al., 2011). The tillage influence was 
weaker in summer, probably due to the overall inhibition of AOA community by 
competition with AOB, as I observed AOB were more diverse and had greater 
richness in summer (Chapter Four).  
Although N fertilizer rates had no significant influence on the Shannon-Weiner 
diversity index of winter AOA (p = 0.798), some effects were demonstrated in NMDS 
plots and group violation analysis. There was no overlap between N-fertilized 
treatments and unfertilized treatments for the NT winter AOA community in NMDS 
analysis and the two N fertilized treatments overlapped greatly, which indicated that 
the N source, rather than the available N rates, affected the AOA community. AOA are 
probably mixotrophs. Growth was strongly enhanced by pyruvate addition (Tourna et 
al., 2011) and labile organic C (Herrmann et al., 2008). Jia et al. (2009) speculated 
that soil AOA growth largely depends on heterotrophic and mixotrophic catabolism 
resulting from growth stimulation by organic substrates.  
The inorganic fertilizer N also had selective function on AOA communities, 
because the group similarities of winter AOA were 0 %, 50 %, and 75 % for 0N, 168N, 
and 336N application, respectively. Some AOA strains’ growth were inhibited by 
higher NH4+ concentration (2 to 3 mM) (Hatzenpichler et al., 2008; 
Marterns-Habbena et al., 2009),whereas AOB species could tolerate 50 to 1,000 mM 
NH4+ (Koops et al., 2003). 
The fertilizer selection on AOA was more obvious in PT than NT (Fig. 27). I 
speculate that in NT treatments, the overlaps in NMDS plots between different 
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fertilizer rates might come from mixotrophic and heterotrophic AOA living with 
relatively richer organic N sources in NT environments, whereas in PT, the AOA 
community with different fertilizer rates was totally separated because of the fertilizer 
selection. 
The frequency map analysis showed that there were unique bands in different 
sample seasons, different fertilizer rates, and different tillage management, which 
clearly demonstrated the selection function of these parameters on AOA communities. 
For example, band 37 appeared only in fertilized NT treatments from summer; band 
29 appeared only in unfertilized winter treatments; while band 28 appeared in 
unfertilized NT samples from both summer and winter. 
The band number was greater in winter than in summer, indicating greater 
richness in winter, which was contrary to the seasonal effects on AOB richness 
(Chapter Four). I assumed that in different sampling years, the AOA community was 
relatively constant at this long-term (>40 years) controlled site. Two continuous 
studies showed that in different years AOB diversity results were consistent in a 
long-term (17 years) fertilized crop field (Chu et al., 2007; Shen et al., 2008). 
The band numbers (richness) of fertilized samples were greater than unfertilized 
samples in both summer (74 vs. 66) and winter (79 vs. 75), and the difference was 
more obvious in summer. Although N fertilization had no significant influence on the 
AOA diversity, it still stimulated the species richness by adding an additional N 
source. 
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Conclusion 
Tillage played a dominant role in changing the AOA community that develops in 
soil when crop management was held constant. Sample season and N fertilization also 
had selection function on the AOA community. The influence of these parameters on 
AOA and AOB (Chapter Four) differed, which indicated that AOA and AOB have 
different ecological meaning for a crop system even though they compete for the same 
energy source and have the same function in NH3 oxidation reactions. 
Studies focusing on specific bands that directly reflect the influence of fertilizer 
and tillage treatments would be useful in further describing dynamic changes in the 
nitrifier community and the susceptibility of certain groups to specific management. 
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CHAPTER SIX 
Community Structure of Nitrite Oxidizing Bacteria in Long-term Maize 
 
Introduction 
Nitrite (NO2-) oxidation, catalyzed by nitrite oxidizing bacteria (NOB), is the 
second step in nitrification and oxidizes the product of ammonia (NH3) oxidation 
(NO2- ) to nitrate (NO3-) (Francis et al., 2007): 
NO2- + H2O →NO3- + 2H+ + 2e-  
Sergei Winogradsky isolated the first NOB, Nitrobacter winogradskyi, in 1892 
and its genome sequence was published in 2006 (Starkenburg et al., 2006). Cultivated 
NOB within five genera are widely distributed among the α (Nitrobacter), β 
(Nitrotoga), γ (Nitrococcus), and δ (Nitrospina and Nitrospira) subclasses of the 
Proteobacteria (Koops and Pommerening-Röser, 2001; Alawi et al., 2007). 
In soil, the two major NOB genera are Nitrobacter and Nitrospira (Attard et al., 
2010). Nitrite oxidoreductase (Nxr) is the key enzyme of nitrite oxidation in oxidizing 
NO2- to NO3-. Nitrobacter Nxr localizes at intracytoplasmic membranes, while in 
Nitrospira (which lacks intracytoplasmic membranes), Nxr localizes at the inner cell 
membrane or is membrane-bound (Lücker et al., 2010). Nitrite oxidoreductase 
consists of NxrA, NxrB, and NxrC subunits (Pester et al., 2014). NxrA contains the 
substrate-binding sites, while NxrB probably channels electrons from NO2- to the 
respiratory chain (Lücker et al., 2010).  
Studies with Nitrobacter have been developed using the functional genes nxrA or 
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nxrB, whereas 16s rRNA has been used to investigate Nitrospira (Attard et al., 2010; 
Ke et al., 2013). A recent study (Pester et al., 2014) identified a new primer pair (nxrB 
169f and nxrB 638r) to target the internal Nitrospira nxrB sequences and constructed 
highly congruent phylogenies comparable to using 16S rRNA. The authors concluded 
that nxrB is also a useful functional and phylogenetic marker for nitrite-oxidizing 
Nitrospira.  
As part of nitrification, NO2- oxidation is an essential step in the biogeochemical 
N cycle, not only because its product NO3- is a key plant nutrient and electron 
acceptor for anaerobic respiration (Gruber, 2004) but also because NO2- inhibits both 
NH3 oxidation and NO2- oxidation in higher concentration (Silva et al., 2011) and has 
well-known eco-toxicological effects for mammals (e.g. methemoglobnemia).  
Research about NO2- oxidation is limited relative to NH3 oxidation, the main 
reason being that the latter oxidation is generally regarded as the rate-limiting step 
(Francis et al., 2007). However, it has been reported that NO2- oxidation could also be 
a limiting step for nitrification in arid ecosystems (Gelfand and Yakir, 2008) or 
following disinfestation by soil steaming (Roux-Michollet et al., 2008). Additionally, 
NH3 oxidation and NO2- oxidation respond differently to environmental change, such 
as high N deposition treatment; soil NH3 oxidation increasing by 59 %, whereas NO2- 
oxidation had no response (Niboyet et al., 2009). Thus, more research concerning 
NO2- oxidation is warranted. 
Most NOB are chemolithotrophs with a few heterotrophs or mixotrophs (Arp and 
Bottomley, 2006). In non-fertilized acid heath soils, ammonia-oxidizing bacteria 
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(AOB) were not detected; whereas NOB could be found in the organic layer; adding 
NPK fertilizer increased NOB in the organic layer and upper part of the mineral layer 
(Boer et al., 1988). Urea application increased the NOB population in Myrtillus-type 
and Calluna-type pine forest soils in southern Finland (Martikainen, 1985). In contrast, 
research regarding how soil management influences the NOB community in cropping 
systems is relatively rare.  
To better understand the NOB community change with soil management, improve 
N use efficiency and reduce environmental contamination from nitrification, this 
research utilized PCR-DGGE to evaluate how tillage and fertilization influenced NOB 
community structure in a very long-term continuous maize (Zea mays L.) study.  
 
Materials and Methods 
Site Design 
Details of the site and design have been reported elsewhere (Frye and Blevins, 
1996) and earlier in this dissertation (Chapter Two). They are summarized here. The 
field trial from which samples were drawn was initiated in 1970 on the Kentucky 
Agricultural Experiment Station Maine Chance farm near Lexington KY (N 
38°07'24", W 84°29'50") on a site with 1 to 3 % slope, a southerly aspect, and 
exhibiting none to slight erosion. Previously, the site had been a bluegrass (Poa 
pratensis L.) pasture for nearly 50 years. The soil is a moderately weathered Maury 
silt loam (fine, mixed semi-active, mesic Typic Paleudalf), deep, well-drained, and 
formed in the residuum of phosphatic Ordovician limestone. The soil contains no free 
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CaCO3, and the clay fraction, dominated by vermiculite, kaolinite and illite also 
contains significant amounts of amorphous Fe and Al oxides (Chung et al., 2008). The 
climate is temperate, having an average annual rainfall of 110 cm (about 40 % falls in 
summer – May to September), an average annual temperature of 13C, and a growing 
season of 175 days. 
The experiment design is a split-block with four replications, each block split 
along the long dimension for the tillage treatments [no tillage (NT) and plow tillage 
(PT)] and across the short dimension for the four N rates (0, 84, 168, and 336 kg N 
ha-1), resulting in a final plot size of 12.2 m x 5.5 m. Tillage and N rate treatments 
have been maintained on the same plots for the duration of the experiment. The 84 kg 
N ha-1 rate was not evaluated for the present study. 
The site is continuously summer cropped to maize for grain followed by a winter 
annual cereal cover crop. The PT treatment consists of moldboard plowing to a depth 
of 20 to 25 cm in the third or fourth week of April each year, about 1 to 2 weeks 
before planting maize. Secondary tillage of plowed plots is performed with two passes 
of a tandem disk; mixing soil to a depth of 8 cm. Ammonium nitrate is surface 
broadcast within one week of planting but not further incorporated. Maize is 
harvested in late September or early October each year, and combine-shredded 
residues are left on the soil surface. After maize harvest, the winter cereal is planted 
over the entire experimental area, without any tillage, using a NT drill. 
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Weather Relative to This Research 
Relevant precipitation and temperature data for the sampling periods were 
obtained from the University of Kentucky Ag Weather Center [wwwagwx.ca.uky.edu]. 
The monthly total precipitation in December 2011 was 9.5 cm and in June 2013 was 
20.2 cm. The average bare soil temperature at a 10 cm depth one month before 
sampling was 6.9 ℃ in December and 23.1 ℃ in June.  
 
Sample Collection and Processing 
Soil samples were collected with a core sampler (2 cm diam.) from the top 15 cm 
in each plot (rye cover crop side only) fertilized at 0, 168, and 336 kg N ha-1, 
respectively in December 2011 and June 2013. On every sampling occasion, ten cores 
were removed from each plot (5 in a row and 5 between rows), composited, and 
transported from field to lab in sealed plastic bags on ice. Mixed soils were removed 
from each bag to three Eppendorf tubes as soon as possible and stored at -80°C for 
DNA extraction. 
 
DNA Extraction 
Total soil DNA was extracted from 0.25 g soil using MACHEREY-NAGEL 
NuceloSpin® soil genomic DNA isolation kit (Düren, Germany) according to the 
manufacturer’s instructions with the following minor modifications: lysis buffer SL1 
was used and centrifuged 2 min to precipitate contaminants; elution buffer SE was 
incubated at 80 C before use; DNA was eluted with 50 µL SE (the first elution with 
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30 µL SE; a second elution with 20 µL SE) and incubated 5 min before centrifuging. 
DNA samples were stored at -20 C. 
 
PCR Amplification 
Primer pair, nxrB-1F (5’ -3’ ACG TGG AGA CCA AGC CGG G) and nxrB-1R 
(CCG TGC TGT TGA YCT CGT TGA) (Zeng et al., 2012) were used to amplify the 
Nitrobacter nxrB. Primer pair, nxrB-169F (5’ -3’ TAC AGT TGG TGG AAC A) and 
nxrB-638R (CGG TTC TGG TCR ATC A) (Pester et al., 2014) were used to amplify 
the Nitrospira nxrB. When PCR amplifications were performed for subsequent DGGE 
analysis, a GC (guanosine-cytosine) clamp (CGC CCG CCG CGC GCG GCG GGC 
GGG GCG GGG GCA CGG GGG G) was added to the 5’ end of each forward primer. 
PCR amplification was performed with a MyCyclerTM Thermo Cycler (Bio-Rad 
Laboratories, Inc.) using Thermo Scientific DreamTaq Green DNA Polymerase 
(Thermo Fisher Scientific Inc.). 
For Nitrobacter nxrB gene, the 25 µL reaction mixture contained 2.5 µL 10X 
DreamTaq Green Buffer, 2.5 µL dNTP Mix (0.2 mM of each), 0.4 µM of each primer, 
0.78 U of DreamTaq DNA Polymerase, and 1 µL of soil DNA template. The thermal 
profile of the PCR was as follows: 5 min at 95 C for initial denaturation; 10 cycles 
consisting of 30 s at 95 C for denaturing, 30 s at 60 C for annealing, and 60 s at 72 C 
for extension; 25 cycles consisting of 30 s at 95 C for denaturing, 30 s at 55 C for 
annealing, and 60 s at 72 C for extension; a final 10 min at 72 C for extension. 
For Nitrospira nxrB gene, the 25 µL reaction mixture contained 2.5 µL 10X 
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DreamTaq Green Buffer, 2.5 µL dNTP Mix (0.2 mM of each), 0.4 µM of each primer, 
0.78 U of DreamTaq DNA Polymerase, and 1 µL of soil DNA template. The thermal 
profile of the PCR was as follows: 5 min at 95 C for initial denaturation; 35 cycles 
consisting of 30 s at 95 C for denaturing, 30 s at 56 C for annealing, and 60 s at 72 C 
for extension; a final 10 min at 72 C for extension. 
The PCR products of Nitrobacter and Nitrospira nxrB genes were randomly 
sequenced to confirm that the appropriate genes were amplified. The PCR products 
were purified by GeneJET PCR Purification Kit (Thermo Scientific, Waltham, MA), 
ligated into the pGEM-T vector using pGEM®- T Easy Vector Systems (Promega, 
Madison, WI), transformed into electrocompetent Escherichia coli cells using the 
Gene Pulser Xcell microbial system (Bio-Rad, Hercules, CA), and cultured on LB 
agar plate containing carbenicillin (100 µg mL-1), 40 µL of X-Gal (20 ng mL-1), and 
40 µL of 100 mM IPTG to indicate colonies with target gene inserted. Plasmid 
minipreps with GeneJET Plasmid Miniprep Kit (Thermo Scientific, Waltham, MA) 
were prepared and sent it to the Advanced Genetic Technology Center at the 
University of Kentucky for Sanger sequencing on an ABI 3730. Nucleotide BLAST 
queried against the GenBank database was used to identify the gene sequence and 
verify the primers worked well (Benson et al., 2013). 
 
DGGE Analysis 
Amplicons within the PCR products were separated by denaturing gradient gel 
electrophoresis analysis with the D Code™ Universal Mutation Detection System 
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(Bio-Rad Laboratories, Hercules CA). Duplicate 20 µL samples of PCR products of 
Nitrobacter and Nitrospira nxrB genes were loaded onto 6 % polyacrylamide gradient 
gels with a denaturing gradient of 60-75 % and 55-70 % (100 % denaturant contains 7 
M urea and 40 % formamide), respectively. Electrophoreses were performed at 56 C 
and 69 V for 17 h. 
The gels were stained with Gel Red (Phenix Research Products, Candler NC) for 
40 min with gentle shaking. The Kodak Gel Logic System (ID Image Analysis 
Software V3.6.5; Rochester NY) was used to obtain a photographic record. 
Gel photographs were analyzed with BioNumerics v. 6.0 (Applied Maths, Austin 
TX). All images were normalized based on standard lanes in each gel. One sample, 
which yielded five distinct and well distributed bands, was chosen as the standard 
(Earing et al., 2012); the standards band positions for Nitrobacter and Nitrospira were 
different as shown in the gel examples (Fig 30 and Figure 31). The minimum profiling 
value was set at 5 % of the maximum value of a lane. All software-identified bands 
were kept, and obvious bands that software did not identify were manually identified. 
Comparisons were made using Dice’s algorithm (Dice, 1945) of the positive and 
negative band categories and reported as percent similarity. Unweighted Pair Group 
Method with Arithmetic Mean (UPGMA) dendrograms were constructed from Dice’s 
analysis in BioNumerics with Dice’s algorithm. Group separation analysis was 
applied to test the group violation under different group factors based on similarities. 
Shannon-Wiener diversity index was calculated based on the total number of bands 
and the intensity of the individual band of each sample (Bionumerics v 6.0. Austin 
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TX). Shannon-Wiener diversity =  ∑ −𝑛𝑛𝑖𝑖=1  ℎ𝑖𝑖𝐻𝐻 𝑙𝑙𝑙𝑙𝑙𝑙 ℎ𝑖𝑖𝐻𝐻  (n= total band number; hi= 
intensity of band i; H= total intensity of all band). A frequency map was produced 
based on the band matching table created with defined band positions.  
 
Figure 30: An example of analyzed Nitrobacter nxrB gene – DGGE gel. 
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Figure 31: An example of analyzed Nitrospira nxrB gene – DGGE gel. 
 
Statistical Analysis 
All statistical analyses for treatment, season, and their interactions were performed 
with SPSS version 22, and univariate analysis of variance (UNIANOVA) followed by 
Tukey HSD for multiple comparisons. P < 0.1 was considered statistically significant, 
because of the inherent variability of field samples and the consequences of making 
Type I and II vs. Type III errors (Carmer and Walker, 1988). Non-metric 
multidimensional scaling (NMDS) ordination plots were generated in PC-ORD 
version 6 based on the Bray-Curtis dissimilarity at the presence or absence of specific 
bands. To statistically support the NMDS ordination, multiple response permutation 
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procedure (MRPP) was performed and the p-values were corrected for multiple 
comparisons with Benjamini-Hochberg procedure with adjusted p value and setting 
10 % false discovery rate. 
 
Results 
Primer Confirmation 
The primers used for Nitrospira and Nitrobacter nxrB genes DGGE analysis 
targeted the desired functional genes, which was confirmed after sequencing 
randomly selected PCR-DGGE samples and alignment with NCBI Blast nucleotide 
sequences. The sequenced Nitrospira nxrB gene had 95 % identity with 10 uncultured 
Nitrospira sp. clones, 91 % identity with Nitrospira moscoviensis strain NSP M-1, and 
over 89% identity with 87 other Nitrospira clones (Appendix 3). The sequenced 
Nitrobacter nxrB gene had 99 % identity with Nitrobacter sp. 263, over 89 % identity 
with another 59 Nitrobacter spp., and over 92 % identity with 41 uncultured 
nitrite-oxidizing bacteria clones (Appendix 4). 
 
Shannon-Wiener Diversity of Nitrospira and Nitrobacter nxrB Based on DGGE Band 
Patterns 
The treatments were labeled with N fertilizer rates, tillage management, sampled 
season, and block number shown in order. For example, “0N-PT-S-1” means 
non-fertilized plow tillage sampled in summer from block 1.  
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Nitrospira nxrB 
There was a significant tillage by fertilizer rate by sample season interaction on 
the Shannon diversity index (p = 0.065) as determined by the Nitrospira nxrB DGGE 
bands. Embedded within this interaction, the main effect of tillage was significant (p 
= 0.003) as were the main effect of fertilizer rate (p = 0.053) and sample season (p = 
0.048) (Table 9). The two key factors of this study were tillage and N fertilizer rate, so 
the Shannon diversity was analyzed separately for the two sampled seasons. Overall, 
the average Shannon diversity index of Nitrospira nxrB was higher in winter samples 
(1.464) than summer samples (1.430). 
Table 9: Statistic analysis of Shannon-Wiener diversity index of Nitrospira 
nitrite-oxidizing bacterial community. 
Source Significance. (p-value) 
Tillage 0.003 
Fertilizer 0.053 
Season 0.048 
Tillage * Fertilizer 0.008 
Tillage * Season 0.880 
Fertilizer *Season 0.986 
Tillage * Fertilizer * Season 0.065 
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In summer, there was no significant influence of N fertilizer rate on Nitrospira 
diversity. However, tillage (p = 0.097) and the interaction of tillage and fertilizer rate 
(p = 0.014) significantly influence the Shannon diversity index of Nitrospira nxrB. 
Overall, the average Shannon diversity index was higher in NT samples (1.455) than 
in PT samples (1.404). The Shannon index of the most diverse treatment 168N-NT 
(1.532) was significantly higher than that of the least diverse treatment 168N-PT 
(1.343) (p = 0.017). 
In winter, tillage (p = 0.003) and N fertilizer rate (p = 0.051) significantly 
influenced the Shannon diversity of Nitrospira nxrB, but not their interaction (p = 
0.650). On average, with N fertilizer rate increasing from 0 to 168N and 336N, the 
Shannon diversity index decreased from 1.488 to 1.469 and 1.435, respectively. 
Nitrospira was more diverse in NT than PT; especially in the fertilized treatments, the 
differences between two kinds of tillage were significant (Fig. 32). 
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Figure 32: Shannon-Wiener diversity index of Nitrospira nxrB DGGE bands in winter 
soil samples of different tillage treatment. PT and NT represent plow tillage and 
no-tillage, respectively. Standard deviation is shown by error bars. Columns with the 
same letter within a fertilization rate are not significantly different. 
 
Nitrobacter nxrB 
Fertilizer rate (p = 0.002), season (p < 0.001), and their interaction (p = 0.038) 
significantly influenced the Shannon diversity index as determined by the Nitrobacter 
nxrB DGGE bands. However, there was no significant tillage influence on Nitrobacter 
nxrB diversity (p = 0.296) (Table 10). On average, Nitrobacter nxrB was more diverse 
in summer (1.258) than winter (1.069); the diversity significantly increased with N 
fertilization.  
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Table 10: Statistic analysis of Shannon-Wiener diversity index of Nitrobacter 
nitrite-oxidizing bacterial community. 
Source Significance. (p-value) 
Tillage 0.2926 
Fertilizer 0.002 
Season <0.001 
Tillage * Fertilizer 0.597 
Tillage * Season 0.117 
Fertilizer *Season 0.038 
Tillage * Fertilizer * Season 0.915 
 
 
I also analyzed Nitrobacter nxrB diversity in summer and winter, separately. 
Regardless of sampled season, tillage and the interaction of tillage and N fertilizer rate 
did not significantly influence the Shannon diversity index. Nitrogen fertilizer rate 
was the only significantly influential factor in both summer and winter, and the 
Nitrobacter nxrB diversity significantly increased with N fertilization. However, there 
was no significant difference between two fertilizer treatments, 168N and 336N. 
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Similarity Analysis of Nitrospira and Nitrobacter nxrB Based on DGGE Band 
Patterns 
Nitrospira nxrB 
Cluster dendrograms were determined according to the similarity of DGGE band 
pattern of each treatment. Samples sharing approximately the same treatments 
grouped together as “0N and 168N PT samples,” “Fertilized Winter samples,” and so 
on (Fig. 33). Group separation analysis of all Nitrospira nxrB band patterns showed 
that the similarities of summer and winter samples were 58 % and 88 %, respectively.  
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Figure 33: Similarity analysis of the Nitrospira nxrB DGGE profiles from all soil treatments. 0N, 168N, and 336N represent the fertilization rate 
(kg N ha-1). PT and NT represent plow tillage and no-tillage, respectively. S and W represent summer and winter. 1, 2, 3, and 4 represent 
sampled block number. Similarity was determined by Dice’s analysis of the positive and negative band categories. The similarity (%) is indicated 
of the UPGMA dendrogram. 
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To discover more information concerning N fertilizer rate and tillage, the 
similarity analyses were performed separately for summer and winter. In summer, the 
NT samples and PT samples grouped separately in the cluster dendrogram (Fig. 34). 
The similarities of NT and PT samples were 100 % and 58%, respectively; the 
similarities of 0N, 168N, and 336N were 50 %, 38 %, and 25 %, respectively. 
 
 
Figure 34: Similarity analysis of the Nitrospira nxrB DGGE profiles from all soil 
treatments in summer. 0N, 168N, and 336N represent the fertilization rate (kg N ha-1). 
PT and NT represent plow tillage and no-tillage, respectively. S indicates a summer 
(June 2013) sample. 1, 2, 3, and 4 represent sampled Block number. Similarity was 
determined by Dice’s analysis of the positive and negative band categories. The 
similarity (%) is indicated of the UPGMA dendrogram.  
 
In winter, the cluster dendrogram displayed a dominant block influence, as well as 
tillage effects (Fig. 35). Group separation analysis illustrated that the similarities of 
NT and PT samples were 100 % and 92%, respectively; the similarities of 0N, 168N, 
and 336N were 38 %, 25 %, and 25 %, respectively. 
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Figure 35: Similarity analysis of the Nitrospira nxrB DGGE profiles from all soil 
treatments in winter. 0N, 168N, and 336N represent the fertilization rate (kg N ha-1). 
PT and NT represent plow tillage and no-tillage, respectively. W represents winter 
(December 2011) samples. 1, 2, 3, and 4 represent sampled block number. Similarity 
was determined by Dice’s analysis of the positive and negative band categories. The 
similarity (%) is indicated of the UPGMA dendrogram. 
 
Nitrobacter nxrB 
The cluster dendrogram of Nitrobacter nxrB DGGE band patterns showed the 
influence of tillage, sample season, and fertilization on Nitrobacter community by 
grouping samples having same management together (Fig. 36). Samples from 
different seasons were analyzed separately. According to group separation analysis, 
the band pattern similarities of summer and winter samples were 96 % and 50 %, 
respectively. 
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Figure 36: Similarity analysis of the Nitrobacter nxrB DGGE profiles from all soil 
treatments. 0N, 168N, and 336N represent the fertilization rate (kg N ha-1). PT and 
NT represent plow tillage and no-tillage, respectively. S and W represent summer and 
winter. 1, 2, 3, and 4 represent sampled block number. Similarity was determined by 
Dice’s analysis of the positive and negative band categories. The similarity (%) is 
indicated of the UPGMA dendrogram.   
 
In summer, “Fertilized NT samples,” “Fertilized PT samples,” and “0N samples” 
were clearly separated (Fig. 37). The group similarities of NT and PT samples were 
83 % and 100%, respectively; the similarities of 0N, 168N, and 336N were 25 %, 
25 %, and 75 %, respectively; additionally, the similarities of 0N and fertilized 
samples (168N+336N) were 25 % and 100%, respectively. 
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Figure 37: Similarity analysis of the Nitrobacter nxrB DGGE profiles from all soil 
treatments in summer. 0N, 168N, and 336N represent the fertilization rate (kg N ha-1). 
PT and NT represent plow tillage and no-tillage, respectively. S indicates a summer 
(June 2013) sample. 1, 2, 3, and 4 represent sampled Block number. Similarity was 
determined by Dice’s analysis of the positive and negative band categories. The 
similarity (%) is indicated of the UPGMA dendrogram.  
 
In winter, 9 of 12 NT samples grouped together, as did all of the PT samples (Fig. 
38). Group separation analysis showed that the similarities of NT and PT samples 
were 92 % and 75%, respectively; the similarities of 0N, 168N, and 336N were 0 %, 
50 %, and 75 %, respectively. 
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Figure 38: Similarity analysis of the Nitrobacter nxrB DGGE profiles from all soil 
treatments in winter. 0N, 168N, and 336N represent the fertilization rate (kg N ha-1). 
PT and NT represent plow tillage and no-tillage, respectively. S indicates a summer 
(June 2013) sample. 1, 2, 3, and 4 represent sampled Block number. Similarity was 
determined by Dice’s analysis of the positive and negative band categories. The 
similarity (%) is indicated of the UPGMA dendrogram.  
 
NMDS Analysis of Nitrospira and Nitrobacter nxrB Based on DGGE Band Patterns 
Nonmetric multidimensional scaling (NMDS) ordinations of Nitrospira and 
Nitrobacter nxrB-DGGE bands were performed separately for summer and winter, 
respectively. Within each group, 6 treatments were compared: 1 = 0N-NT, 2 = 0N-PT, 
3 = 168N-NT, 4 = 168N-PT, 5 = 336N-NT, and 6 = 336N-PT. Multiple response 
permutation procedure (MRPP) was performed to test the significant differences of 
nxrB-DGGE band patterns between paired treatments within the same analysis group. 
 
Nitrospira nxrB 
For summer samples, the NMDS graph illustrated the interactive influence of 
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tillage and fertilizer rate: there was no overlap between 0-NT and 0-PT, or 168-NT 
and 168-PT (Fig. 39). Axis 1 and 2 explained 21 % and 31 % of the total variation in 
summer Nitrospira communities, respectively. Within NT treatments, the three 
fertilizer level samples distributed separately to show fertilizer rate effect, whereas 
within PT treatments, 0N distributed separately from the two fertilized groups, which 
had significant overlap. Treatment 1 (0N-NT) was significantly different from 
treatment 4 (168N-PT), 5 (336N-NT), and 6 (336N-PT); treatment 3 (168N-NT) was 
significantly different from treatment 4 (168N-PT), 5 (336N-NT), and 6 (336N-PT) 
(Table 11). 
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Figure 39: Nonmetric multidimensional scaling (NMDS) plots of summer Nitrospira 
communities from 6 treatments: 1 = 0N-NT, 2 = 0N-PT, 3 = 168-NT, 4 = 168-PT, 5 = 
336N-NT, and 6 = 336N-PT. Distances between symbols indicate similarity of 
Nitrospira nxrB DGGE band patterns. The suffix number of every sample name 
indicates the block number. 
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Table 11: Multiple response permutation procedure analysis of summer 
Nitrospira-nxrB-DGGE bands. 
Compared p value Compared p value Compared p value 
1 vs.2 0.491 2 vs. 3 0.223 3 vs. 5 0.024 
1 vs. 3 0.724 2 vs. 4 0.464 3 vs. 6 0.011 
1 vs. 4 0.022 2 vs. 5 0.298 4 vs. 5 0.258 
1 vs. 5 0.021 2 vs. 6 0.718 4 vs. 6 0.665 
1 vs.6 0.009 3 vs. 4 0.033 5 vs. 6 0.470 
Pairwise comparisons between 6 treatments: 1 = 0N-NT, 2 = 0N-PT, 3 = 168-NT, 4 = 
168-PT, 5 = 336N-NT, and 6 = 336N-PT. p values were not corrected for multiple 
comparison and the significances were corrected using Benjamini-Hochberg 
procedure with adjusted p value and setting 10 % as false discovery rate. 
 
For winter samples, the NMDS graph showed the influence of tillage: PT 
treatments distributed on the upper half of the graph, whereas NT samples located on 
the lower half of the graph; they also had some overlap at the boundaries (Fig. 40). 
Axis 1 and 2 explained 36 % and 25 % of the total variation in winter Nitrospira 
communities, respectively. Treatment 1 (0N-NT) was significantly different from 
treatment 4 (168N-PT) and 6 (336N-PT); treatment 5 (336N-NT) was significantly 
different from treatment 2 (0N-PT), 4 (168N-PT), and 6 (336N-PT) (Table 12). 
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Figure 40: Nonmetric multidimensional scaling (NMDS) plots of Nitrospira 
communities from three fertilizer treatments in winter in plow tillage: 2 = 0N-PT, 4 = 
168-PT, and 6 = 336N-PT. 0, 168, and 336 represent the fertilization rate (kg N ha-1). 
PT represent plow tillage. Distances between symbols indicate similarity of Nitrospira 
nxrB DGGE band patterns. The suffix number of every sample name means the block 
number. 
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Table 12: Multiple response permutation procedure analysis of winter 
Nitrospira-nxrB-DGGE bands. 
Compared p Compared p Compared p 
1 vs.2 0. 170 2 vs. 3 0.847 3 vs. 5 0.498 
1 vs. 3 0.670 2 vs. 4 0.616 3 vs. 6 0.241 
1 vs. 4 0.015 2 vs. 5 0.021 4 vs. 5 0.010 
1 vs. 5 0.170 2 vs. 6 0.230 4 vs. 6 0.353 
1 vs.6 0.039 3 vs. 4 0.138 5 vs. 6 0.067 
Pairwise comparisons between 6 treatments: 1 = 0N-NT, 2 = 0N-PT, 3 = 168-NT, 4 = 
168-PT, 5 = 336N-NT, and 6 = 336N-PT. p values were not corrected for multiple 
comparison and the significances were corrected using Benjamini-Hochberg 
procedure with adjusted p value and setting 10 % as false discovery rate. 
 
Nitrobacter nxrB 
For summer samples, the NMDS graph illustrated the influences of tillage and 
fertilizer rate: 0-PT was separated from the other five treatments and there was no 
overlap between N-fertilized PT and N-fertilized NT samples (Fig. 41). Axis 1 and 2 
explained 32 % and 27 % of the total variation in summer Nitrobacter communities, 
respectively. Treatment 1 (0N-NT) was significantly different from treatment 3 
(168N-NT), 4 (168N-PT), 5 (336N-NT), and 6 (336N-PT); treatment 2 (0N-PT) was 
significantly different from treatment 3 (168N-NT), 4 (168N-PT), 5 (336N-NT), and 6 
(336N-PT); treatment 6 (336N-P) was significantly different from treatment 3 
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(168N-NT) and 5 (336N-NT); treatment 4 (168N-PT) was significantly different from 
treatment 5 (336N-NT) (Table 13). 
 
Figure 41: Nonmetric multidimensional scaling (NMDS) plots of summer Nitrobacter 
communities from 6 treatments: 1 = 0N-NT, 2 = 0N-PT, 3 = 168-NT, 4 = 168-PT, 5 = 
336N-NT, and 6 = 336N-PT. Distances between symbols indicate similarity of 
Nitrobacter nxrB DGGE band patterns. The suffix number of every sample name 
indicates the block number. 
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Table 13: Multiple response permutation procedure analysis of summer 
Nitrobacter-nxrB-DGGE bands. 
Compared p value Compared p value Compared p value 
1 vs.2 0.216 2 vs. 3 0.010 3 vs. 5 0.146 
1 vs. 3 0.071 2 vs. 4 0.056 3 vs. 6 0.007 
1 vs. 4 0.018 2 vs. 5 0.018 4 vs. 5 0.009 
1 vs. 5 0.047 2 vs. 6 0.066 4 vs. 6 0.511 
1 vs.6 0.013 3 vs. 4 0.012 5 vs. 6 0.012 
Pairwise comparisons between 6 treatments: 1 = 0N-NT, 2 = 0N-PT, 3 = 168-NT, 4 = 
168-PT, 5 = 336N-NT, and 6 = 336N-PT. p values were not corrected for multiple 
comparison and the significances were corrected using Benjamini-Hochberg 
procedure with adjusted p value and setting 10 % as false discovery rate. 
 
For winter samples, the NMDS graph showed the influence of tillage: NT 
treatments distributed on the upper half of the graph, whereas PT samples located on 
the lower half of the graph; they also had some overlap at the boundary area; 
168N-PT had no overlap with NT samples and 0N-NT only had very little overlap 
with PT samples (Fig. 42). Axis 1 and 2 explained 29 % and 24 % of the total 
variation in winter Nitrobacter communities, respectively. Treatment 5 (336N-NT) 
was significantly different from treatment 1 (0N-NT), 2 (0N-PT), 4 (168N-PT), and 6 
(336N-PT); treatment 3 (168N-NT) was significantly different from treatment 1 
(0N-NT), 2 (0N-PT), and 4 (168N-PT); treatment 1 (0N-NT) was significantly 
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different from treatment 4 (168N-PT) (Table 14). 
 
 
Figure 42: Nonmetric multidimensional scaling (NMDS) plots of Nitrobacter 
communities from three fertilizer treatments in winter in no-tillage: 1 = 0N-NT, 3 = 
168-NT, and 5 = 336N-NT. 0, 168, and 336 represent the fertilization rate (kg N ha-1). 
NT represents no-tillage. Distances between symbols indicate similarity of 
Nitrobacter nxrB DGGE band patterns. The suffix number of every sample name 
means the block number. 
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Table 14: Multiple response permutation procedure analysis of winter 
Nitrobacter-nxrB -DGGE bands. 
Compared p Compared p Compared p 
1 vs.2 0.123 2 vs. 3 0.062 3 vs. 5 0.125 
1 vs. 3 0.070 2 vs. 4 0.310 3 vs. 6 0.535 
1 vs. 4 0.007 2 vs. 5 0.037 4 vs. 5 0.025 
1 vs. 5 0.029 2 vs. 6 0.369 4 vs. 6 0.784 
1 vs.6 0.187 3 vs. 4 0.009 5 vs. 6 0.090 
Pairwise comparisons between 6 treatments: 1 = 0N-NT, 2 = 0N-PT, 3 = 168-NT, 4 = 
168-PT, 5 = 336N-NT, and 6 = 336N-PT. p values were not corrected for multiple 
comparison and the significances were corrected using Benjamini-Hochberg 
procedure with adjusted p value and setting 10 % as false discovery rate. 
 
Band Matching Analysis of Nitrospira and Nitrobacter nxrB Based on DGGE Band 
Patterns 
In this study, there were 4 blocks as field replicates. In the following band 
frequency maps, the number 0-4 indicated how many times the band was present 
among the four blocks; and the shading intensity reflected the band appearance 
frequency, the greater the appearance the greater the intensity. I assumed different 
bands represented different taxonomic units. 
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Nitrospira nxrB 
Based on band matching analysis, 73 bands of Nitrospira nxrB were identified 
from all soil samples (Fig. 43). There were 14 bands (1, 32, 35, 40, 41, 45, 46, 49, 51, 
53, 55, 59, 63, and 68) (19.2%) not influenced by season, fertilizer rate, and/or tillage, 
due to their appearance in all treatments. The following bands indicated seasonal 
effects: three bands (12, 14, and 15) only appeared in winter samples (4.1 %); four 
bands (9, 10, 13, and 19) only appeared in summer samples (5.5 %); this band range 
(from band 9 to band 19) was a less frequent area in the whole map.  
In summer (69 bands total) (excluding the 14 common bands for all samples) 13 
bands (2, 6, 19, 22, 31, 36, 44, 58, 60, 61, 65, 67, and 71) were common to all 
treatments (18.8 % of summer bands). Four bands (8, 11, 23, and 73) appeared only in 
PT treatments (5.8 %), within which Band 11 and 23 appeared only in N-fertilized-PT 
treatments. Band 16 appeared only in high fertilizer rate (336N) treatments. There 
were four bands unique to treatment combinations: bands 4, 9, and 13 appeared only 
in 0N-NT; band 10 appeared only in 336N-NT (Fig. 43). 
 
 
 
 
Figure 43: Frequency map of band matching table for all soil Nitrospira nxrB samples reflecting how many times each band was present in 4 
replicates. Color (white to gray to black) indicates the frequency (low to high). 0N, 168N, and 336N represent the fertilization rate (kg N ha-1). 
PT and NT represent plow tillage and no-tillage, respectively. S and W represent summer and winter, respectively. 1, 2, 3, and 4 represent the 
number of times the band was present. 
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In winter (70 bands total) (excluding the 14 common bands for all samples) 8 
bands (14, 30, 47, 52, 56, 62, 64, and 71) were common to all treatments (11.4 % of 
winter bands). Band 3 and 16 appeared only in N-fertilized treatments; bands 6 and 14 
appeared only in NT treatments; band 25 appeared only in PT treatments; band 17, 18, 
and 29 appeared only in N-fertilized-PT treatments. There were three bands unique to 
treatment combination: band 15 appeared only in 0N-PT; band 11 appeared only in 
168N-NT, and band 33 appeared only in 336N-PT. Another obvious phenomenon was 
that there were fifteen bands (5, 7, 21, 22, 31, 36, 43, 44, 57, 58, 60, 61, 65, 69, and 
73) appearing in five treatments, except for 336N-NT (Fig. 43).  
 
Nitrobacter nxrB 
Based on band matching analysis, 70 bands of Nitrobacter nxrB were identified 
from all soil samples (Fig. 44). There were 4 bands (35, 43, 52, and 53) not influenced 
by season, fertilizer rate, and/or tillage, appearing in all treatments (5.7 %). The 
following bands indicated seasonal effects: four bands (26, 62, 68, and 69) only 
appeared in winter samples (5.7 %); seven bands (7, 9, 18, 20, 21, 60 and 67) only 
appeared in summer samples (10.0 %).  
 
 
 
 
Figure 44: Frequency map of band matching table for all soil Nitrobacter nxrB samples reflecting how many times each band was present in 4 
replicates. Color (white to gray to black) indicates the frequency (low to high). 0N, 168N, and 336N represent the fertilization rate (kg N ha-1). 
PT and NT represent plow tillage and no-tillage, respectively. S and W represent summer and winter, respectively. 1, 2, 3, and 4 represent the 
number of times the band was present. 
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In summer (66 bands total) (excluding the 4 common bands for all treatments) 7 
bands (11, 13, 36, 37, 40, 48, and 55) were common to all treatments (10.6 % of 
summer bands). Six bands (2, 19, 20, 21, 41, and 50) appeared only in N-fertilized 
treatments (7.6 %); eight bands (5, 7, 24, 39, 45, 61, 63, and 67) appeared only in NT 
treatments (12.1 %); bands 29 and 58 only appeared in PT treatments; bands 4, 18, 
and 22 only appeared in N-fertilized-NT treatments; and band 65 appeared only in 
N-fertilized-PT treatments. There were six bands unique to treatment combinations: 
bands 7 and 9 appeared only in 0N-NT; band 10 and 66 appeared only in 168N-NT, 
band 57 appeared only in 168N-PT, and band 1 appeared only in 336N-NT (Fig. 44). 
In winter (63 bands total) (excluding the 4 common bands for all treatments) 1 
band (16) was common to all treatments (1.6% of winter bands). Five bands (14, 42, 
43, 56, and 63) appeared only in N-fertilized treatments (7.9 %); bands 66 and 70 
appeared only in the 0N treatments; six bands (9, 12, 27, 30, 32, and 65) appeared 
only in PT treatments (9.5 %); bands 54 and 57 appeared only in NT treatments; band 
4 and 39 appeared only in N-fertilized-NT treatments. There were eight bands unique 
to treatment combinations: bands 62 and 68 appeared only in 0N-PT; bands 6 and 19 
appeared only in 0N-PT; band 17 and 69 appeared only in 168N-NT, and band 1 and 
29 appeared only in 168N-PT (Fig. 44).  
 
Discussion 
DGGE can distinguish similarly-sized nxrB genes with sequence differences due 
to their different mobility in gels consisting of urea, which denatures the DNA helical 
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structure and halts the moving genes (Muyzer et al., 1993). Different gene fragments 
‘stop’ migrating at different positions in the DGGE gel, forming bands that were 
considered taxonomic units in this study. BioNumerics was used to identify these 
bands, make comparisons among multiple gels, and complete data analysis, such as 
automatically calculating the Shannon-Weiner index based on the number and 
intensity of all recognized bands. The Shannon-Weiner index is commonly used to 
evaluate community diversity; greater values indicate greater diversity, although not 
necessarily the same diversity (Urakawa et al., 2008).  
Three variables - sampling season, N fertilizer rate, and tillage - all influenced the 
NOB community structure, but in different ways for Nitrospira-like NOB and 
Nitrobacter-like NOB. I discuss seasonal affects first.  
For both diversity (Shannon-Wiener index) and taxonomic unit richness (total 
band number), winter samples were greater than summer samples for Nitrospira-like 
NOB, whereas summer samples were greater than winter samples for Nitrobacter-like 
NOB.  
For both NOB groups, the group separation value (percentage of non-violation) 
differed for different seasons. Higher group separation values mean greater similarity 
of DGGE patterns within a group and a more responsible group-dependent variable. 
For Nitrospira-like NOB, the group separation value was 88 % in winter and 58 % in 
summer; whereas for Nitrobacter-like NOB, the group separation value was 50 % in 
winter and 96 % in summer and. This indicated that the similarity of NOB-DGGE 
band patterns was greater when the bacterial community had greater diversity and 
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richness. I believe there is a dominant influential factor underlying this phenomenon, 
which stimulated the community prosperity and resulted in greater similarity. This 
trigger might be N fertilization. 
Overall, N fertilizer rate significantly influenced Nitrospira-like NOB and 
Nitrobacter-like NOB, but in different ways. For Nitrospira-like NOB, this influence 
was only significant in winter and diversity decreased with increasing N fertilizer rate; 
for Nitrobacter-like NOB, the diversity in fertilized samples was significantly greater 
than in unfertilized samples in both summer and winter, but there was no diversity 
difference between two fertilized levels. This trend was more obvious in summer, 
supported by the compact cluster analysis (Fig. 37) and NMDS-MRPP comparison 
(Table 9). In winter, after N was taken up by plants and lost with time, the fertilizer 
influence diminished, but still showed a selection function on the Nitrospira-like 
NOB community, because the group separation values were 0 %, 50 %, and 75 % for 
treatments 0N, 168N, and 336N, respectively.  
For Nitrospira-like NOB, the overall influence of N fertilizer rate on the diversity 
index was not significant. However, in their more diverse winter season, N fertilizer 
rate significantly and negatively influenced Nitrospira-like NOB diversity, which 
decreased with increasing N fertilizer application. The influence of N fertilizer rate in 
summer was not significant, which might be because the Nitrobacter-like NOB 
outcompeted the Nitrospira-like NOB, and the latter was holistically outcompeted by 
the Nitrobacter-like NOB under N fertilized environment.  
The distinctive response of Nitrospira-like NOB and Nitrobacter-like NOB to N 
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input resulted from their physiological characteristics. Nitrospira-like NOB are 
commonly characterized as K-strategists, while Nitrobacter-like NOB are r-strategists 
(Schramm et al., 1998). Nitrospira-like NOB have a lower NO2- half-saturation 
constant higher NO2-affinity as well as a lower inhibition threshold concentration for 
free NH3 (Blackburne et al., 2007). An enrichment culture experiment showed that 
Nitrospira-like NOB were enriched simultaneously with Nitrobacter-like NOB when 
NO2- concentrations of 0.2 g L-1 were used, whereas in cultures containing 2 g L-1 
NO2- ,  Nitrobacter-like NOB were exclusively detected (Bartosch et al., 2002). 
In agricultural grassland soils with inorganic N fertilizer management (long-term 
fertilized and unfertilized) DGGE analysis of 16S rRNA showed that there were more 
Nitrospira-like sequence types in fertilized soils, but there was no significant 
difference of Nitrobacter communities between the two soil types (Freitag et al., 
2005). Another semi-natural grassland soil study in France, which utilized 
nxrA-DGGE analysis, indicated that the community structure of Nitrobacter-like 
NOB differed between intensive grazing and light grazing (Wertz et al., 2008). 
Intensive grazing increases the N input as urine and dung (Patra et al., 2005). In a 
forest soil, the community structure of Nitrobacter-like NOB differed between 
fertilized and unfertilized treatments as determined by Nitrobacter-like nxrA analysis, 
but the investigators did not have the molecular tools to analyze Nitrospira-like NOB 
community; moreover, the abundances of Nitrobacter-like NOB increased in the 
fertilized treatment, but not for Nitrospira-like NOB (Wertz et al., 2012). There is no 
research about how N fertilizer influences NOB diversity in cropland systems. 
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Unlike N fertilizer, tillage management significantly influenced the Nitrospira-like 
NOB community and the diversity was greater in NT than PT in both seasons, 
especially in winter. The tillage influence was also demonstrated clearly in cluster 
dendrograms and NMDS-MRPP analyses. One possible reason for greater 
Nitrospira-like NOB diversity in NT is that there is greater environmental 
heterogeneity in NT, because NT is a non-mixing process with less soil disturbance. 
This more heterogeneous soil environment provides more distinctive niches for 
developing Nitrospira-like NOB diversity. Another reason might be the greater water 
retention capacity in NT soils (Lal, 1975). It was reported that Nitrospira are favored 
at higher soil water content (Simonin et al., 2015). However, in winter samples, three 
representative bands appeared in NT not PT whereas there were six representative 
bands appearing in PT not NT, and there were 15 bands (21.4 % of total winter bands) 
absent in the 336N-NT treatments. These results illustrated that some Nitrospira-like 
NOB did not adapt to NT environments especially in high N fertilized NT soils. 
Attard and colleagues (2010) studied the shift between Nitrospira- and 
Nitrobacter-like NOB responses to changes in tillage practices in a Haplic Luvisol 
agricultural soil with the same N fertilization rates (158 kg ha-1). Potential NO2- 
oxidation (PNO) was higher for the no-tillage than the tillage treatments. They 
concluded that the changes in PNO were not due to shifts between Nitrospira-like and 
Nitrobacter-like NOB, with Nitrobacter-like NOB dominant in high PNO soil and 
Nitrospira-like NOB playing a major functional role in low PNO activity soil (Attard 
et al., 2010). In the current study, the potential nitrification rates were higher in NT 
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than PT especially at the high N fertilizer rates (336N) (Chapter Three), which 
together with Attard’s study, indicated that Nitrobacter-like NOB might dominate in 
NT and Nitrospira-like NOB might dominate in PT. 
Although the tillage management did not significantly influence the 
Nitrobacter-like NOB diversity (as determined by Shannon-Weiner index), it was an 
influential grouping factor in cluster dendrogram and NMDS analysis. This indicated 
that even though N substrate supply was the dominant factor for Nitrobacter-like 
NOB, other environmental factors such as water content, available oxygen, and C 
source, which could be influenced by tillage management, still played a role in the 
Nitrobacter-like NOB community structure. 
Another important phenomenon in this study was that the way in which sampling 
season, tillage, and N fertilizer rate influence on nitrifier communities was similar 
between ammonia oxidizing bacteria (AOB) and Nitrobacter-like NOB, as well as 
similar between ammonia-oxidizing archaea (AOA) and Nitrospira-like NOB. For 
example, increasing N fertilizer rate significantly increased the diversity of AOB and 
Nitrobacter-like NOB and both were more diverse in summer than winter (Chapter 
Four); compared to N fertilization, tillage was a more dominant influence on the AOA 
and Nitrospira-like NOB community. There was greater diversity in NT than PT and 
both were more diverse in winter than summer (Chapter Five). Based on 454 
amplicon sequencing of Nitrospira nxrB and an archaeal amoA dataset from the same 
soil, comparing results showed that AOA and Nitrospira communities were highly 
correlated across the soil samples for both OTU presence/absence [r=0.95 (P=0.001)] 
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as well as OTU relative abundance [r=0.93 (P=0.001)] (Pester et al., 2013). A 
greenhouse pot study showed that there was a positive correlation between AOB and 
Nitrobacter-like NOB abundance, as well as between AOA and Nitrospira-like NOB 
abundances (Simonin et al., 2015). 
 
Conclusion 
All three variables had different influences on Nitrospira-like NOB and 
Nitrobacter-like NOB community structure. Nitrobacter and Nitrospira had different 
and clearly favorable season and N fertilizer rate conditions due to their different 
physiological characteristics. The influence of tillage on Nitrospira-like NOB was 
more obvious than N fertilizer rate and tillage might cause a community shift between 
Nitrospira-like NOB and Nitrobacter-like NOB, which needs further confirmation 
and study to explore the key reasons for the community shifts, which resulted from 
tillage management change. 
Unique bands in specific treatments might provide an objective for study and 
further physiological research and identification of common bands in all treatments 
might be evaluated as an indicator of normal function in cropland nitrification. 
Another appealing point was that there might be some functional coupling 
relationships between AOB and Nitrobacter-like NOB, as well as between AOA and 
Nitrospira-like NOB, which could influence the flow of N through the nitrification 
pathway.  
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CHAPTER SEVEN 
Conclusions 
Nitrogen fertilization stimulated the nitrifier population densities and potential 
nitrification rate. My first hypothesis was “the relative population of AOB to NOB 
will remain constant in response to soil management.” However, my results did not 
support this hypothesis. The AOB density and NOB density responded differently as 
N input increase. The NOB density increased much faster than AOB density, resulting 
in significant decrease of AOB to NOB ratio with N fertilization increase. More 
research needs to be done to explain why those two synergistic groups responded to 
increase substrate differently. And the AOB to NOB ratio might influence the amount 
of trace gas production during N cycle. Additionally, Tillage and N fertilization were 
interactive variables. The influence of tillage differed for different fertilization rates. 
My second hypothesis was “tillage and fertilization will influence the AOB 
community, not AOA.” However, my results did not fully support this hypothesis. 
Tillage and fertilization influenced both AOA and AOB communities. The AOB 
became more diverse with increasing N input; compared to winter samples, AOB 
were more diverse in summer; and the AOB were more diverse in NT than PT. Tillage 
rather than N fertilizer played a dominant role affecting the AOA community. Tillage 
and the interaction of tillage and sampling season had significant influence on AOA 
diversity. In winter, AOA were more diverse in NT than PT. Fertilizer rate did not 
significantly influence AOA diversity, however, sample season and N fertilization had 
selection function on AOA composition. AOA and AOB play the same role in 
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nitrification, but responded differently to soil management in agricultural land. More 
research is needed to explore the ecology significance of AOA in agricultural land. 
My third hypothesis was “the community of Nitrospira and Nitrobacter NOB will 
react differently to tillage and fertilization” and my results supported this hypothesis. 
Season, tillage, and fertilizer rate all influenced Nitrobacter and Nitrospira 
communities, but the community of Nitrospira and Nitrobacter NOB reacted 
differently. Nitrobacter was more diverse in summer, whereas Nitrospira was more 
diverse in winter. Nitrobacter was more diverse in N-fertilized samples, whereas the 
diversity of Nitrospira decreased with increasing fertilizer rate in winter but not 
summer. The influence of tillage was more dominant in the Nitrospira community. 
This study also helped to suggest a potential coupling linkages between ammonia 
oxidizing archaea and Nitrospira and between ammonia oxidizing bacteria and 
Nitrobacter, which may facilitate future studies concerning ammonia-oxidizing 
nitrifiers and NOB. Additionally, unique bands in specific treatments might provide 
an object for future study and further physiological research and identification of 
common bands in all treatments might be evaluated as an indicator of normal function 
in cropland nitrification. It is important to study AOB and NOB together, rather than 
only emphasize the ammonia-oxidizing process due to it is the rate-limit step. 
Long-term field trials are useful in better understanding how soil management 
influences the relationship between nitrifier densities, community structure, 
nitrification rates, and trace gas production in agroecosystems.  
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Ident Accession
Uncultured bacterium clone NB-CT-61
ammonia monooxygenase subunit A (amoA)
gene, partial cds
749 749 100% 0.0 98% KC010711.1
Uncultured bacterium clone NB-CT-10
ammonia monooxygenase subunit A (amoA)
gene, partial cds
749 749 100% 0.0 98% KC010660.1
Uncultured bacterium clone NB-CT-02
ammonia monooxygenase subunit A (amoA)
gene, partial cds
749 749 100% 0.0 98% KC010652.1
Uncultured bacterium clone ELV.60
ammonia monooxygenase (amoA) gene,
partial cds
749 749 100% 0.0 98% JQ750088.1
Uncultured bacterium clone AMB.71
ammonia monooxygenase (amoA) gene,
partial cds
749 749 100% 0.0 98% JQ750035.1
Uncultured ammonia-oxidizing bacterium
clone WAOB-G11 ammonia monooxygenase
(amoA) gene, partial cds
745 745 99% 0.0 98% JF936512.1
Uncultured ammonia-oxidizing bacterium
clone SAOB-B11 ammonia monooxygenase
(amoA) gene, partial cds
745 745 99% 0.0 98% JF936375.1
Uncultured ammonia-oxidizing bacterium
clone SAOB-E9 ammonia monooxygenase
(amoA) gene, partial cds
745 745 99% 0.0 98% JF936364.1
Uncultured ammonia-oxidizing bacterium
clone DAOB-C7 ammonia monooxygenase
(amoA) gene, partial cds
745 745 99% 0.0 98% JF936266.1
Uncultured ammonia-oxidizing bacterium
clone DAOB-B4 ammonia monooxygenase
(amoA) gene, partial cds
745 745 99% 0.0 98% JF936254.1
Uncultured bacterium clone LT-075_01
ammonia monooxygenase subunit A (amoA)
gene, partial cds
745 745 99% 0.0 98% DQ480828.1
Uncultured bacterium clone OTU_12
ammonia monooxygenase subunit A (amoA)
gene, partial cds
743 743 100% 0.0 98% KF888710.1
Uncultured bacterium clone NB-CT-66
ammonia monooxygenase subunit A (amoA)
gene, partial cds
743 743 100% 0.0 98% KC010716.1
Uncultured bacterium clone NB-CT-54
ammonia monooxygenase subunit A (amoA)
gene, partial cds
743 743 100% 0.0 98% KC010704.1
Uncultured bacterium clone NB-CT-45
ammonia monooxygenase subunit A (amoA)
gene, partial cds
743 743 100% 0.0 98% KC010695.1
Uncultured bacterium clone NB-CT-42
ammonia monooxygenase subunit A (amoA)
gene, partial cds
743 743 100% 0.0 98% KC010692.1
Uncultured bacterium clone NB-CT-26
ammonia monooxygenase subunit A (amoA)
gene, partial cds
743 743 100% 0.0 98% KC010676.1
Uncultured bacterium clone NB-CT-19
ammonia monooxygenase subunit A (amoA)
gene, partial cds
743 743 100% 0.0 98% KC010669.1
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Uncultured bacterium clone NB-CT-08
ammonia monooxygenase subunit A (amoA)
gene, partial cds
743 743 100% 0.0 98% KC010658.1
Uncultured bacterium clone ELV.47
ammonia monooxygenase (amoA) gene,
partial cds
743 743 100% 0.0 98% JQ750135.1
Uncultured bacterium clone ELV.39
ammonia monooxygenase (amoA) gene,
partial cds
743 743 100% 0.0 98% JQ750132.1
Uncultured bacterium clone ELV.33
ammonia monooxygenase (amoA) gene,
partial cds
743 743 100% 0.0 98% JQ750129.1
Uncultured bacterium clone ELV.26
ammonia monooxygenase (amoA) gene,
partial cds
743 743 100% 0.0 98% JQ750125.1
Uncultured bacterium clone ELV.2 ammonia
monooxygenase (amoA) gene, partial cds
743 743 100% 0.0 98% JQ750103.1
Uncultured ammonia-oxidizing bacterium
clone P1_70 ammonia monooxygenase
subunit A (amoA) gene, partial cds
743 743 100% 0.0 98% HM803919.1
Uncultured ammonia-oxidizing bacterium
clone P1_6 ammonia monooxygenase
subunit A (amoA) gene, partial cds
743 743 100% 0.0 98% HM803910.1
Uncultured ammonia-oxidizing bacterium
clone P1_49 ammonia monooxygenase
subunit A (amoA) gene, partial cds
743 743 100% 0.0 98% HM803902.1
Nitrosospira sp. Wyke8 AmoA (amoA) gene,
partial cds
743 743 100% 0.0 98% EF175099.1
Uncultured ammonia-oxidizing bacterium
clone WAOB-F5 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936501.1
Uncultured ammonia-oxidizing bacterium
clone WAOB-E5 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936491.1
Uncultured ammonia-oxidizing bacterium
clone WAOB-B9 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936469.1
Uncultured ammonia-oxidizing bacterium
clone SAOB-C10 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936370.1
Uncultured ammonia-oxidizing bacterium
clone SAOB-B10 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936369.1
Uncultured ammonia-oxidizing bacterium
clone SAOB-H8 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936361.1
Uncultured ammonia-oxidizing bacterium
clone SAOB-F7 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936353.1
Uncultured ammonia-oxidizing bacterium
clone SAOB-A4 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936336.1
Uncultured ammonia-oxidizing bacterium
clone SAOB-B3 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936330.1
Uncultured ammonia-oxidizing bacterium
clone SAOB-F1 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936321.1
Uncultured ammonia-oxidizing bacterium
clone DAOB-H2 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936311.1
Uncultured ammonia-oxidizing bacterium
clone DAOB-F9 ammonia monooxygenase 739 739 98% 0.0 98% JF936295.1
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(amoA) gene, partial cds
Uncultured ammonia-oxidizing bacterium
clone DAOB-E8 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936286.1
Uncultured ammonia-oxidizing bacterium
clone DAOB-D8 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936277.1
Uncultured ammonia-oxidizing bacterium
clone DAOB-D4 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936275.1
Uncultured ammonia-oxidizing bacterium
clone DAOB-D1 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936272.1
Uncultured ammonia-oxidizing bacterium
clone DAOB-B9 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936256.1
Uncultured ammonia-oxidizing bacterium
clone DAOB-B2 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936252.1
Uncultured ammonia-oxidizing bacterium
clone DAOB-B1 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936251.1
Uncultured ammonia-oxidizing bacterium
clone DAOB-A7 ammonia monooxygenase
(amoA) gene, partial cds
739 739 99% 0.0 98% JF936250.1
Uncultured bacterium clone LT-CLY_23
ammonia monooxygenase subunit A (amoA)
gene, partial cds
739 739 99% 0.0 98% DQ480872.1
Uncultured bacterium clone LT-600_07
ammonia monooxygenase subunit A (amoA)
gene, partial cds
739 739 99% 0.0 98% DQ480844.1
Uncultured bacterium clone UT-600_01
ammonia monooxygenase subunit A (amoA)
gene, partial cds
739 739 99% 0.0 98% DQ480763.1
Uncultured bacterium clone NB-CT-98
ammonia monooxygenase subunit A (amoA)
gene, partial cds
737 737 100% 0.0 97% KC010747.1
Uncultured bacterium clone NB-CT-78
ammonia monooxygenase subunit A (amoA)
gene, partial cds
737 737 100% 0.0 97% KC010728.1
Uncultured bacterium clone NB-CT-67
ammonia monooxygenase subunit A (amoA)
gene, partial cds
737 737 100% 0.0 97% KC010717.1
Uncultured bacterium clone NB-CT-65
ammonia monooxygenase subunit A (amoA)
gene, partial cds
737 737 100% 0.0 97% KC010715.1
Uncultured bacterium clone NB-CT-24
ammonia monooxygenase subunit A (amoA)
gene, partial cds
737 737 100% 0.0 97% KC010674.1
Uncultured bacterium clone NB-CT-22
ammonia monooxygenase subunit A (amoA)
gene, partial cds
737 737 100% 0.0 97% KC010672.1
Uncultured bacterium clone NB-CT-21
ammonia monooxygenase subunit A (amoA)
gene, partial cds
737 737 100% 0.0 97% KC010671.1
Uncultured bacterium clone NB-CT-14
ammonia monooxygenase subunit A (amoA)
gene, partial cds
737 737 100% 0.0 97% KC010664.1
Uncultured bacterium clone NB-CT-04
ammonia monooxygenase subunit A (amoA)
gene, partial cds
737 737 100% 0.0 97% KC010654.1
Uncultured bacterium clone ELV.S1
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ammonia monooxygenase (amoA) gene,
partial cds
737 737 100% 0.0 97% JQ750144.1
Uncultured bacterium clone ELV.20
ammonia monooxygenase (amoA) gene,
partial cds
737 737 100% 0.0 97% JQ750120.1
Uncultured bacterium clone ELV.18
ammonia monooxygenase (amoA) gene,
partial cds
737 737 100% 0.0 97% JQ750119.1
Uncultured bacterium clone ELV.E2
ammonia monooxygenase (amoA) gene,
partial cds
737 737 100% 0.0 97% JQ750094.1
Uncultured ammonia-oxidizing bacterium
clone P1_60 ammonia monooxygenase
subunit A (amoA) gene, partial cds
737 737 100% 0.0 97% HM803911.1
Uncultured ammonia-oxidizing bacterium
clone P1_17 ammonia monooxygenase
subunit A (amoA) gene, partial cds
737 737 100% 0.0 97% HM803885.1
Uncultured ammonia-oxidizing bacterium
clone WAOB-F8 ammonia monooxygenase-
like (amoA) gene, partial sequence
734 734 99% 0.0 97% JF936502.1
Uncultured ammonia-oxidizing bacterium
clone WAOB-B5 ammonia monooxygenase
(amoA) gene, partial cds
734 734 99% 0.0 97% JF936466.1
Uncultured ammonia-oxidizing bacterium
clone WAOB-A1 ammonia monooxygenase
(amoA) gene, partial cds
734 734 99% 0.0 97% JF936455.1
Uncultured ammonia-oxidizing bacterium
clone SAOB-E10 ammonia monooxygenase
(amoA) gene, partial cds
734 734 99% 0.0 97% JF936372.1
Uncultured ammonia-oxidizing bacterium
clone SAOB-G9 ammonia monooxygenase
(amoA) gene, partial cds
734 734 99% 0.0 97% JF936366.1
Uncultured ammonia-oxidizing bacterium
clone SAOB-A7 ammonia monooxygenase
(amoA) gene, partial cds
734 734 98% 0.0 98% JF936351.1
Uncultured ammonia-oxidizing bacterium
clone SAOB-C2 ammonia monooxygenase
(amoA) gene, partial cds
734 734 99% 0.0 97% JF936326.1
Uncultured ammonia-oxidizing bacterium
clone DAOB-H6 ammonia monooxygenase
(amoA) gene, partial cds
734 734 99% 0.0 97% JF936313.1
Uncultured ammonia-oxidizing bacterium
clone DAOB-F5 ammonia monooxygenase
(amoA) gene, partial cds
734 734 99% 0.0 97% JF936294.1
Uncultured ammonia-oxidizing bacterium
clone DAOB-E10 ammonia monooxygenase
(amoA) gene, partial cds
734 734 99% 0.0 97% JF936287.1
Uncultured ammonia-oxidizing bacterium
clone DAOB-A12 ammonia monooxygenase
(amoA) gene, partial cds
734 734 99% 0.0 97% JF936259.1
Uncultured bacterium clone RT-250_13
ammonia monooxygenase subunit A (amoA)
gene, partial cds
734 734 99% 0.0 97% DQ480798.1
Uncultured bacterium clone RT-600_04
ammonia monooxygenase subunit A (amoA)
gene, partial cds
734 734 99% 0.0 97% DQ480789.1
Uncultured bacterium clone NB-CT-86
ammonia monooxygenase subunit A (amoA)
gene, partial cds
732 732 100% 0.0 97% KC010736.1
Uncultured bacterium clone NB-CT-47
ammonia monooxygenase subunit A (amoA)
gene, partial cds
732 732 100% 0.0 97% KC010697.1
Uncultured ammonia-oxidizing bacterium
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Uncultured bacterium clone NB-CT-61 ammonia monooxygenase subunit A (amoA) gene, partial cds
Sequence ID: gb|KC010711.1| Length: 491 Number of Matches: 1
clone P1_32 ammonia monooxygenase
subunit A (amoA) gene, partial cds
732 732 100% 0.0 97% HM803893.1
Uncultured bacterium clone UT-250_03
ammonia monooxygenase subunit A (amoA)
gene, partial cds
730 730 99% 0.0 97% DQ480768.1
Uncultured ammonia-oxidizing bacterium
clone SAOB-A12 ammonia monooxygenase
(amoA) gene, partial cds
728 728 99% 0.0 97% JF936378.1
Uncultured ammonia-oxidizing bacterium
clone SAOB-G6 ammonia monooxygenase
(amoA) gene, partial cds
728 728 99% 0.0 97% JF936349.1
Uncultured ammonia-oxidizing bacterium
clone DAOB-C1 ammonia monooxygenase
(amoA) gene, partial cds
728 728 99% 0.0 97% JF936260.1
Uncultured bacterium clone NB-CT-90
ammonia monooxygenase subunit A (amoA)
gene, partial cds
726 726 100% 0.0 97% KC010739.1
Uncultured bacterium clone NB-CT-53
ammonia monooxygenase subunit A (amoA)
gene, partial cds
726 726 100% 0.0 97% KC010703.1
Uncultured bacterium clone NB-CT-37
ammonia monooxygenase subunit A (amoA)
gene, partial cds
726 726 100% 0.0 97% KC010687.1
Uncultured ammonia-oxidizing bacterium
clone WAOB-D11 ammonia monooxygenase
(amoA) gene, partial cds
723 723 99% 0.0 97% JF936489.1
Uncultured ammonia-oxidizing bacterium
clone SAOB-G11 ammonia monooxygenase
(amoA) gene, partial cds
723 723 99% 0.0 97% JF936377.1
Uncultured ammonia-oxidizing bacterium
clone SAOB-F10 ammonia monooxygenase
(amoA) gene, partial cds
723 723 99% 0.0 97% JF936373.1
Uncultured bacterium clone UT-CLY_03
ammonia monooxygenase subunit A (amoA)
gene, partial cds
723 723 99% 0.0 97% DQ480782.1
Uncultured bacterium clone NB-CT-44
ammonia monooxygenase subunit A (amoA)
gene, partial cds
721 721 100% 0.0 97% KC010694.1
Uncultured bacterium clone NB-CT-27
ammonia monooxygenase subunit A (amoA)
gene, partial cds
721 721 100% 0.0 97% KC010677.1
Uncultured ammonia-oxidizing bacterium
clone DAOB-D2 ammonia monooxygenase
(amoA) gene, partial cds
721 721 99% 0.0 97% JF936273.1
Uncultured ammonia-oxidizing bacterium
clone P1_10 ammonia monooxygenase
subunit A (amoA) gene, partial cds
721 721 97% 0.0 97% HM803879.1
Uncultured soil bacterium partial mRNA for
ammonia monooxygenase subunit A, clone
water-23 (amoA gene)
717 717 96% 0.0 98% FM866455.1
Uncultured soil bacterium partial mRNA for
ammonia monooxygenase subunit A, clone
water-3 (amoA gene)
717 717 96% 0.0 98% FM866449.1
Uncultured ammonia-oxidizing bacterium
clone F4 ammonia monooxygenase subunit
A (amoA) gene, partial cds
715 715 96% 0.0 98% HQ638885.1
Alignments
4/1/2016 NCBI Blast:Nucleotide Sequence (425 letters)
http://blast.ncbi.nlm.nih.gov/Blast.cgi#442797494 7/54
Range 1: 1 to 424
Score Expect Identities Gaps Strand Frame
749 bits(405) 0.0() 416/425(98%) 1/425(0%) Plus/Plus
Features:
Query  1    GGGGTTTCTACTGGTGGTCACACTACCCMATCAACTTTGTACTCCCCTCCACCATGATAC  60 
            |||||||||||||||||||||||||||| ||||||||||||||||||||||||||||||| 
Sbjct  1    GGGGTTTCTACTGGTGGTCACACTACCCCATCAACTTTGTACTCCCCTCCACCATGATAC  60 
Query  61   CGGGAGCGCTGGTCATGGACACCGTCCTGCTGCTCACGCGCAACTGGATGGTCACAGCCC  120 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  61   CGGGAGCGCTGGTCATGGACACCGTCCTGCTGCTCACGCGCAACTGGATGGTCACAGCCC  120 
Query  121  TGATTGGCGGCGGGCGCGTTTGGTCTTTTGTTCTACCCGGGCAACTGGCCGATATTTGGC  180 
            ||||||||||| |||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  121  TGATTGGCGGC-GGCGCGTTTGGTCTTTTGTTCTACCCGGGCAACTGGCCGATATTTGGC  179 
Query  181  CCCACCCACCTGCCGCTGGTAGCTGAAGGCGTACTGCTGTCGTTGGCCGACTACACCGGC  240 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  180  CCCACCCACCTGCCGCTGGTAGCTGAAGGCGTACTGCTGTCGTTGGCCGACTACACCGGC  239 
Query  241  TTTCTGTATGTACGCACCGGCACGCCTGAGTACGTGCGCCTGATCGAACAAGGCTCGCTG  300 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  240  TTTCTGTATGTACGCACCGGCACGCCTGAGTACGTGCGCCTGATCGAACAAGGCTCGCTG  299 
Query  301  CGAACCTTTGGCGGGCACACTACGGTCATTGCCGCATTYTTYTCCGCGTTTGTCTCCATG  360 
            |||||||||||||||||||||||||||||||||||||| || |||||||||||||||||| 
Sbjct  300  CGAACCTTTGGCGGGCACACTACGGTCATTGCCGCATTCTTCTCCGCGTTTGTCTCCATG  359 
Query  361  CTCATGTTCTGCGTGTGGKGGTACTTTGGCAAAGTYTACTGCMCCSCCTTYTACTACGTA  420 
            |||||||||||||||||| |||||||||||||||| |||||| || |||| ||||||||| 
Sbjct  360  CTCATGTTCTGCGTGTGGTGGTACTTTGGCAAAGTCTACTGCACCGCCTTCTACTACGTA  419 
Query  421  AAAGG  425 
            ||||| 
Sbjct  420  AAAGG  424 
Uncultured bacterium clone NB-CT-10 ammonia monooxygenase subunit A (amoA) gene, partial cds
Sequence ID: gb|KC010660.1| Length: 491 Number of Matches: 1
Range 1: 1 to 424
Score Expect Identities Gaps Strand Frame
749 bits(405) 0.0() 416/425(98%) 1/425(0%) Plus/Plus
Features:
Query  1    GGGGTTTCTACTGGTGGTCACACTACCCMATCAACTTTGTACTCCCCTCCACCATGATAC  60 
            |||||||||||||||||||||||||||| ||||||||||||||||||||||||||||||| 
Sbjct  1    GGGGTTTCTACTGGTGGTCACACTACCCCATCAACTTTGTACTCCCCTCCACCATGATAC  60 
Query  61   CGGGAGCGCTGGTCATGGACACCGTCCTGCTGCTCACGCGCAACTGGATGGTCACAGCCC  120 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  61   CGGGAGCGCTGGTCATGGACACCGTCCTGCTGCTCACGCGCAACTGGATGGTCACAGCCC  120 
Query  121  TGATTGGCGGCGGGCGCGTTTGGTCTTTTGTTCTACCCGGGCAACTGGCCGATATTTGGC  180 
            ||||||||||| |||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  121  TGATTGGCGGC-GGCGCGTTTGGTCTTTTGTTCTACCCGGGCAACTGGCCGATATTTGGC  179 
Query  181  CCCACCCACCTGCCGCTGGTAGCTGAAGGCGTACTGCTGTCGTTGGCCGACTACACCGGC  240 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  180  CCCACCCACCTGCCGCTGGTAGCTGAAGGCGTACTGCTGTCGTTGGCCGACTACACCGGC  239 
Query  241  TTTCTGTATGTACGCACCGGCACGCCTGAGTACGTGCGCCTGATCGAACAAGGCTCGCTG  300 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  240  TTTCTGTATGTACGCACCGGCACGCCTGAGTACGTGCGCCTGATCGAACAAGGCTCGCTG  299 
Query  301  CGAACCTTTGGCGGGCACACTACGGTCATTGCCGCATTYTTYTCCGCGTTTGTCTCCATG  360 
            |||||||||||||||||||||||||||||||||||||| || |||||||||||||||||| 
Sbjct  300  CGAACCTTTGGCGGGCACACTACGGTCATTGCCGCATTCTTCTCCGCGTTTGTCTCCATG  359 
Query  361  CTCATGTTCTGCGTGTGGKGGTACTTTGGCAAAGTYTACTGCMCCSCCTTYTACTACGTA  420 
            |||||||||||||||||| |||||||||||||||| |||||| || |||| ||||||||| 
Sbjct  360  CTCATGTTCTGCGTGTGGTGGTACTTTGGCAAAGTCTACTGCACCGCCTTCTACTACGTA  419 
Query  421  AAAGG  425 
            ||||| 
Sbjct  420  AAAGG  424 
Uncultured bacterium clone NB-CT-02 ammonia monooxygenase subunit A (amoA) gene, partial cds
Sequence ID: gb|KC010652.1| Length: 491 Number of Matches: 1
Range 1: 1 to 424
Score Expect Identities Gaps Strand Frame
See 1 more title(s)
  
 
 
 
 
 
Appendix 2 
RID
Database Name
Description
Program
Query ID
Description
Molecule type
Query Length
lcl|Query_69925
None
nucleic acid
647
BLAST ® » blastn suite » RID-HU7Y7UHP014
BLAST Results
Nucleotide Sequence (647 letters)
HU7Y7UHP014 (Expires on 04-26 03:34 am)
nr
Nucleotide collection (nt)
BLASTN 2.3.1+
Distribution of 100 Blast Hits on the Query Sequence
Graphic Summary
Sequences producing significant alignments:
Descriptions
Description Max
score
Total
score
Query
cover
E
value
Ident Accession
Uncultured archaeon clone A_GZ_51
ammonia monooxygenase subunit A (amoA)
gene, partial cds
1085 1085 97% 0.0 98% KJ864083.1
Uncultured archaeon clone AOA-S4-44
ammonia monooxygenase (amoA) gene,
partial cds
1074 1074 97% 0.0 97% KM117117.1
Uncultured archaeon clone A1714 ammonia
monooxygenase (amoA) gene, partial cds
1074 1074 100% 0.0 97% JN179974.1
Uncultured archaeon clone A8222 ammonia
monooxygenase (amoA) gene, partial cds
1074 1074 100% 0.0 97% JN179972.1
Uncultured archaeon clone A0318 ammonia
monooxygenase (amoA) gene, partial cds
1074 1074 100% 0.0 97% JN179968.1
Uncultured archaeon clone A3129 ammonia
monooxygenase (amoA) gene, partial cds
1062 1062 98% 0.0 97% JN179969.1
Uncultured archaeon clone A647 ammonia
monooxygenase alpha (amoA) gene, partial
cds
1057 1057 97% 0.0 97% KM460304.1
Uncultured archaeon clone 9-6 ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1057 1057 97% 0.0 97% KF004263.1
Uncultured archaeon clone AOA-U2-16w-30
ammonia monooxygenase subunit A (amoA)
gene, partial cds
1057 1057 97% 0.0 97% JQ955196.1
Uncultured archaeon clone A1719 ammonia
monooxygenase (amoA) gene, partial cds
1057 1057 99% 0.0 96% JN179973.1
Uncultured ammonia-oxidizing archaeon
clone JXCW-3 ammonia monooxygenase
subunit A (amoA) gene, partial cds
1051 1051 97% 0.0 97% KP167664.1
Uncultured archaeon clone A644 ammonia
monooxygenase alpha (amoA) gene, partial
cds
1051 1051 97% 0.0 97% KM460301.1
Uncultured archaeon clone A642 ammonia
monooxygenase alpha (amoA) gene, partial
cds
1051 1051 97% 0.0 97% KM460299.1
Uncultured archaeon clone A635 ammonia
monooxygenase alpha (amoA) gene, partial
cds
1051 1051 97% 0.0 97% KM460292.1
Uncultured archaeon clone A54 ammonia
monooxygenase alpha (amoA) gene, partial
cds
1051 1051 97% 0.0 97% KM460210.1
Uncultured archaeon clone AOA-S4-17
ammonia monooxygenase (amoA) gene,
partial cds
1051 1051 97% 0.0 97% KM117090.1
Uncultured archaeon clone C2G2 ammonia
monooxygenase (amoA) gene, partial cds
1051 1051 97% 0.0 97% KJ438441.1
Uncultured ammonia-oxidizing archaeon
clone S03040 ammonia monooxygenase
alpha subunit gene, partial cds
1051 1051 97% 0.0 97% KF413159.1
Uncultured archaeon clone 9-50 ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1051 1051 97% 0.0 97% KF004299.1
Uncultured archaeon clone 9-36 ammonia
monooxygenase subunit A (amoA) gene, 1051 1051 97% 0.0 97% KF004288.1
partial cds
Uncultured archaeon clone 9-24 ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1051 1051 97% 0.0 97% KF004277.1
Uncultured archaeon clone E1-9 ammonia
monooxygenase (amoA) gene, partial cds
1051 1051 97% 0.0 97% JQ750224.1
Uncultured archaeon clone A1-61 ammonia
monooxygenase (amoA) gene, partial cds
1051 1051 97% 0.0 97% JQ750197.1
Uncultured archaeon clone AOA-N28-a24
ammonia monooxygenase subunit A (amoA)
gene, partial cds
1051 1051 97% 0.0 97% JQ955023.1
Uncultured archaeon clone AOA-N0-a7
ammonia monooxygenase subunit A (amoA)
gene, partial cds
1051 1051 97% 0.0 97% JQ954987.1
Uncultured archaeon clone A12107
ammonia monooxygenase (amoA) gene,
partial cds
1051 1051 100% 0.0 96% JN179988.1
Uncultured archaeon clone AOA-6 ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1051 1051 97% 0.0 97% JF735054.1
Uncultured crenarchaeote clone ZZ-2-4
ammonia monooxygenase subunit A (amoA)
gene, partial cds
1051 1051 97% 0.0 97% HQ538566.1
Uncultured crenarchaeote clone AOA:Site B-
tx4-10 ammonia monooxygenase subunit A
(amoA) gene, partial cds
1051 1051 97% 0.0 97% JF439038.1
Uncultured archaeon clone AOA-N28-aa98
ammonia monooxygenase subunit A (amoA)
gene, partial cds
1050 1050 97% 0.0 97% JQ955048.1
Uncultured thaumarchaeote clone P01-10-
A18 AmoA (amoA) gene, partial cds
1046 1046 97% 0.0 97% KM595515.1
Uncultured ammonia-oxidizing archaeon
clone SHJ-64 ammonia monooxygenase
subunit A (amoA) gene, partial cds
1046 1046 97% 0.0 97% KP167990.1
Uncultured ammonia-oxidizing archaeon
clone ZZ-16 ammonia monooxygenase
subunit A (amoA) gene, partial cds
1046 1046 97% 0.0 97% KP167644.1
Uncultured ammonia-oxidizing archaeon
clone A-G5-AOA-29 ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1046 1046 97% 0.0 97% KM881777.1
Uncultured archaeon clone A628 ammonia
monooxygenase alpha subunit gene, partial
cds
1046 1046 97% 0.0 97% KM580913.1
Uncultured archaeon clone A431 ammonia
monooxygenase alpha (amoA) gene, partial
cds
1046 1046 97% 0.0 97% KM460665.1
Uncultured archaeon clone A843 ammonia
monooxygenase alpha (amoA) gene, partial
cds
1046 1046 97% 0.0 97% KM460400.1
Uncultured archaeon clone A620 ammonia
monooxygenase alpha (amoA) gene, partial
cds
1046 1046 97% 0.0 97% KM460277.1
Uncultured archaeon clone AOA-S4-8
ammonia monooxygenase (amoA) gene,
partial cds
1046 1046 97% 0.0 97% KM117081.1
Uncultured archaeon amoA gene for
ammonia monooxygenase subunit A, partial
cds, clone: up2-07
1046 1046 97% 0.0 97% AB918823.1
Uncultured archaeon clone A1-33 ammonia
monooxygenase gene, partial cds
1046 1046 97% 0.0 97% KJ496316.1
Uncultured ammonia-oxidizing archaeon
clone J21113126_6-27_M13F ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1046 1046 97% 0.0 97% KJ496938.1
Uncultured ammonia-oxidizing archaeon
clone J21113125_6-26_M13F ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1046 1046 97% 0.0 97% KJ496937.1
Uncultured ammonia-oxidizing archaeon
clone J21113109_6-10_M13F ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1046 1046 97% 0.0 97% KJ496921.1
Uncultured archaeon clone HX25 ammonia
monooxygenase (amoA) gene, partial cds
1046 1046 97% 0.0 97% KF898681.1
Uncultured archaeon clone HX3 ammonia
monooxygenase (amoA) gene, partial cds
1046 1046 97% 0.0 97% KF898659.1
Uncultured crenarchaeote clone M-AOA-04
ammonia monooxygenase subunit A (amoA)
gene, partial cds
1046 1046 97% 0.0 97% KF537009.1
Uncultured ammonia-oxidizing archaeon
clone S03020 ammonia monooxygenase
alpha subunit gene, partial cds
1046 1046 97% 0.0 97% KF413139.1
Uncultured archaeon clone 9-48 ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1046 1046 97% 0.0 97% KF004297.1
Uncultured archaeon clone 9-40 ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1046 1046 97% 0.0 97% KF004292.1
Uncultured archaeon clone 9-16 ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1046 1046 97% 0.0 97% KF004269.1
Uncultured archaeon clone 9-5 ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1046 1046 97% 0.0 97% KF004262.1
Uncultured archaeon clone E1-4 ammonia
monooxygenase (amoA) gene, partial cds
1046 1046 97% 0.0 97% JQ750219.1
Uncultured archaeon clone A1-65 ammonia
monooxygenase (amoA) gene, partial cds
1046 1046 97% 0.0 97% JQ750201.1
Uncultured archaeon clone AOA-N28-aa93
ammonia monooxygenase subunit A (amoA)
gene, partial cds
1046 1046 97% 0.0 97% JQ955036.1
Uncultured archaeon clone AOA-N0-aa1
ammonia monooxygenase subunit A (amoA)
gene, partial cds
1046 1046 97% 0.0 97% JQ954993.1
Uncultured archaeon clone A11807
ammonia monooxygenase (amoA) gene,
partial cds
1046 1046 100% 0.0 96% JN179989.1
Uncultured archaeon clone AOA-31
ammonia monooxygenase subunit A (amoA)
gene, partial cds
1046 1046 97% 0.0 97% JF735079.1
Uncultured archaeon clone AOA-13
ammonia monooxygenase subunit A (amoA)
gene, partial cds
1046 1046 97% 0.0 97% JF735061.1
Uncultured crenarchaeote clone AOA:Site B-
tx4-9 ammonia monooxygenase subunit A
(amoA) gene, partial cds
1046 1046 97% 0.0 97% JF439037.1
Uncultured crenarchaeote clone P2_47
ammonia monooxygenase subunit A (amoA)
gene, partial cds
1046 1046 97% 0.0 97% HM803793.1
Uncultured crenarchaeote clone T-47
ammonia monooxygenase subunit A (amoA)
gene, partial cds
1046 1046 97% 0.0 97% HM346066.1
Uncultured ammonia-oxidizing archaeon
clone S03007 ammonia monooxygenase
alpha subunit gene, partial cds
1042 1042 97% 0.0 97% KF413126.1
Uncultured archaeon clone SAE23 ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1040 1040 97% 0.0 96% KP781505.1
Uncultured archaeon clone AOA-D2-27
ammonia monooxygenase (amoA) gene,
partial cds
1040 1040 97% 0.0 96% KP197254.1
Uncultured ammonia-oxidizing archaeon
clone JXP-5-6 ammonia monooxygenase
subunit A (amoA) gene, partial cds
1040 1040 97% 0.0 96% KP168116.1
Uncultured ammonia-oxidizing archaeon
clone SHJ-81 ammonia monooxygenase
subunit A (amoA) gene, partial cds
1040 1040 97% 0.0 96% KP168006.1
Uncultured ammonia-oxidizing archaeon
clone JXCW-5 ammonia monooxygenase
subunit A (amoA) gene, partial cds
1040 1040 97% 0.0 96% KP167666.1
Uncultured ammonia-oxidizing archaeon
clone N-G6-AOA-63 ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1040 1040 97% 0.0 96% KM881921.1
Uncultured archaeon partial amoA gene for
ammonium monooxygenase subunit A,
clone 20111212SM1-A9-M13F
1040 1040 97% 0.0 96% HG937976.1
Uncultured archaeon partial amoA gene for
ammonium monooxygenase subunit A,
clone 2010SM2-B4-M13F
1040 1040 97% 0.0 97% HG937904.1
Uncultured archaeon clone A645 ammonia
monooxygenase alpha (amoA) gene, partial
cds
1040 1040 97% 0.0 96% KM460302.1
Uncultured archaeon clone A643 ammonia
monooxygenase alpha (amoA) gene, partial
cds
1040 1040 97% 0.0 96% KM460300.1
Uncultured archaeon clone A627 ammonia
monooxygenase alpha (amoA) gene, partial
cds
1040 1040 97% 0.0 96% KM460284.1
Uncultured archaeon clone A67 ammonia
monooxygenase alpha (amoA) gene, partial
cds
1040 1040 97% 0.0 96% KM460264.1
Uncultured archaeon clone A533 ammonia
monooxygenase alpha (amoA) gene, partial
cds
1040 1040 97% 0.0 96% KM460239.1
Uncultured archaeon clone A528 ammonia
monooxygenase alpha (amoA) gene, partial
cds
1040 1040 97% 0.0 96% KM460234.1
Uncultured archaeon clone A228 ammonia
monooxygenase alpha (amoA) gene, partial
cds
1040 1040 97% 0.0 96% KM460187.1
Uncultured archaeon clone AOA-S4-7
ammonia monooxygenase (amoA) gene,
partial cds
1040 1040 97% 0.0 96% KM117080.1
Uncultured ammonia-oxidizing archaeon
clone J21113100_6-1_M13F ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1040 1040 97% 0.0 96% KJ496912.1
Uncultured archaeon clone HX4 ammonia
monooxygenase (amoA) gene, partial cds
1040 1040 97% 0.0 96% KF898660.1
Uncultured ammonia-oxidizing archaeon
clone S03032 ammonia monooxygenase
alpha subunit gene, partial cds
1040 1040 97% 0.0 96% KF413151.1
Uncultured ammonia-oxidizing archaeon
clone S03013 ammonia monooxygenase
alpha subunit gene, partial cds
1040 1040 97% 0.0 96% KF413132.1
Uncultured archaeon clone 9-58 ammonia
monooxygenase subunit A (amoA) gene, 1040 1040 97% 0.0 96% KF004307.1
Uncultured archaeon clone A_GZ_51 ammonia monooxygenase subunit A (amoA) gene, partial cds
Sequence ID: gb|KJ864083.1| Length: 635 Number of Matches: 1
Range 1: 4 to 635
Score Expect Identities Gaps Strand Frame
1085 bits(587) 0.0() 617/632(98%) 0/632(0%) Plus/Plus
Features:
Query  1    ATGGTCTGGCTTAGACGCACTACACACTATCTATTCATAGTTGTAGTTGCTGTAAATAGT  60 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  4    ATGGTCTGGCTTAGACGCACTACACACTATCTATTCATAGTTGTAGTTGCTGTAAATAGT  63 
Query  61   ACATTATTGACGATCAACGCAGGGGACTACATATTCTATACTGATTGGGCGTGGACCTCA  120 
            ||||||||||| ||||| ||||| |||||||||||||||||||||||||||||||||||| 
Sbjct  64   ACATTATTGACAATCAATGCAGGAGACTACATATTCTATACTGATTGGGCGTGGACCTCA  123 
Query  121  TTCGTAGTATTCTCAATAGCCCAATCAACTATGCTTGTAGTTGGTGCAATCTATTACATG  180 
            ||||| |||||||||||| ||||||||||||||||||||||||||||||||||||||||| 
Sbjct  124  TTCGTGGTATTCTCAATATCCCAATCAACTATGCTTGTAGTTGGTGCAATCTATTACATG  183 
partial cds
Uncultured archaeon clone 9-53 ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1040 1040 97% 0.0 96% KF004302.1
Uncultured archaeon clone 9-47 ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1040 1040 97% 0.0 96% KF004296.1
Uncultured archaeon clone 9-17 ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1040 1040 97% 0.0 96% KF004270.1
Uncultured archaeon clone 9-2 ammonia
monooxygenase subunit A (amoA) gene,
partial cds
1040 1040 97% 0.0 96% KF004259.1
Uncultured archaeon clone E31 ammonia
monooxygenase (amoA) gene, partial cds
1040 1040 97% 0.0 96% JQ750288.1
Uncultured archaeon clone E1-6 ammonia
monooxygenase (amoA) gene, partial cds
1040 1040 97% 0.0 96% JQ750221.1
Uncultured archaeon clone A1-14 ammonia
monooxygenase (amoA) gene, partial cds
1040 1040 97% 0.0 96% JQ750160.1
Uncultured crenarchaeote clone XH-J-Seq13
putative ammonia monooxygenase subunit
A (amoA) gene, partial cds
1040 1040 97% 0.0 96% JQ698607.1
Uncultured crenarchaeote clone NF-M-Seq3
putative ammonia monooxygenase subunit
A (amoA) gene, partial cds
1040 1040 97% 0.0 96% JQ698526.1
Uncultured archaeon clone AOA-U0-16w-28
ammonia monooxygenase subunit A (amoA)
gene, partial cds
1040 1040 97% 0.0 96% JQ955223.1
Uncultured archaeon clone AOA-N0-a5
ammonia monooxygenase subunit A (amoA)
gene, partial cds
1040 1040 97% 0.0 96% JQ954985.1
Uncultured crenarchaeote clone OTU-13
putative ammonia monooxygenase subunit
A (amoA) gene, partial cds
1040 1040 97% 0.0 96% JQ014643.1
Uncultured archaeon clone A8209 ammonia
monooxygenase (amoA) gene, partial cds
1040 1040 100% 0.0 96% JN179983.1
Uncultured archaeon clone A8217 ammonia
monooxygenase (amoA) gene, partial cds
1040 1040 100% 0.0 96% JN179982.1
Uncultured archaeon clone A1411 ammonia
monooxygenase (amoA) gene, partial cds
1040 1040 100% 0.0 96% JN179980.1
Uncultured archaeon clone A8201 ammonia
monooxygenase (amoA) gene, partial cds
1040 1040 100% 0.0 96% JN179977.1
Alignments
Query  181  CTATTCACCGGTGTACCAGGGACTGCAACTTATTACGCAACAATCATGACTATCTATACA  240 
            |||||||||||||||||||||| |||||| || ||||||||||||||||||||||||||| 
Sbjct  184  CTATTCACCGGTGTACCAGGGATTGCAACATACTACGCAACAATCATGACTATCTATACA  243 
Query  241  TGGGTAGCCAAAGGAGCTTGGTTTGCGCTAGGATATCCAATGGACTTCATCACCGTACCT  300 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  244  TGGGTAGCCAAAGGAGCTTGGTTTGCGCTAGGATATCCAATGGACTTCATCACCGTACCT  303 
Query  301  GTTTGGATACCTTCAGCTATGCTGTTAGATTTGACATATTGGGCAACGAGAAGGAATAAA  360 
            ||||||||||||||||||||||||||||||||||||||||||||||| |||||||||||| 
Sbjct  304  GTTTGGATACCTTCAGCTATGCTGTTAGATTTGACATATTGGGCAACAAGAAGGAATAAA  363 
Query  361  CATGCTGCCATCATAATTGGCGGAACATTAGTTGGACTTTCACTGCCAATATTTAATATG  420 
            ||||||||||| ||||||||||||  ||| |||||||||||||||||||||||||||||| 
Sbjct  364  CATGCTGCCATTATAATTGGCGGAGTATTGGTTGGACTTTCACTGCCAATATTTAATATG  423 
Query  421  ATCAATCTACTGCTGATTAGAGATCCGTTAGAAATGGCATTCAAGTATCCTCGTCCGACA  480 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  424  ATCAATCTACTGCTGATTAGAGATCCGTTAGAAATGGCATTCAAGTATCCTCGTCCGACA  483 
Query  481  TTGCCTCCATACATGACACCAATCGAACCTCAGGTCGGTAAGTTCTACAATAGTCCCGTC  540 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct  484  TTGCCTCCATACATGACACCAATCGAACCTCAGGTCGGTAAGTTCTACAATAGTCCCGTT  543 
Query  541  GCGCTAGGATCGGGAGCTGGGGCAGTGCTAAGTGTTCCAATAGCTGCACTAGGTGCTAAA  600 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  544  GCGCTAGGATCGGGAGCTGGGGCAGTGCTAAGTGTTCCAATAGCTGCACTAGGTGCTAAA  603 
Query  601  CTGAATACTTGGACATATAGATGGATGGCCGC  632 
            ||||||||||||||||| |||||||||||||| 
Sbjct  604  CTGAATACTTGGACATACAGATGGATGGCCGC  635 
Uncultured archaeon clone AOA-S4-44 ammonia monooxygenase (amoA) gene, partial cds
Sequence ID: gb|KM117117.1| Length: 635 Number of Matches: 1
Range 1: 4 to 635
Score Expect Identities Gaps Strand Frame
1074 bits(581) 0.0() 615/632(97%) 0/632(0%) Plus/Plus
Features:
Query  1    ATGGTCTGGCTTAGACGCACTACACACTATCTATTCATAGTTGTAGTTGCTGTAAATAGT  60 
            ||||||||||||||||||||||||||||| |||||||||||||||||||||||||||||| 
Sbjct  4    ATGGTCTGGCTTAGACGCACTACACACTACCTATTCATAGTTGTAGTTGCTGTAAATAGT  63 
Query  61   ACATTATTGACGATCAACGCAGGGGACTACATATTCTATACTGATTGGGCGTGGACCTCA  120 
            ||||||||||| |||||||| || |||||||||||||||||||||||||||||||||||| 
Sbjct  64   ACATTATTGACAATCAACGCGGGAGACTACATATTCTATACTGATTGGGCGTGGACCTCA  123 
Query  121  TTCGTAGTATTCTCAATAGCCCAATCAACTATGCTTGTAGTTGGTGCAATCTATTACATG  180 
            ||||| |||||||||||| ||||||||||||||||||||||||||||||||||||||||| 
Sbjct  124  TTCGTGGTATTCTCAATATCCCAATCAACTATGCTTGTAGTTGGTGCAATCTATTACATG  183 
Query  181  CTATTCACCGGTGTACCAGGGACTGCAACTTATTACGCAACAATCATGACTATCTATACA  240 
            ||||||||||||||||||||||||||||| |||||||||||||||||||||||||||||| 
Sbjct  184  CTATTCACCGGTGTACCAGGGACTGCAACATATTACGCAACAATCATGACTATCTATACA  243 
Query  241  TGGGTAGCCAAAGGAGCTTGGTTTGCGCTAGGATATCCAATGGACTTCATCACCGTACCT  300 
            ||||| |||||||||||||||||||||||||||||||||   |||||||||   |||||| 
Sbjct  244  TGGGTGGCCAAAGGAGCTTGGTTTGCGCTAGGATATCCATACGACTTCATCGTAGTACCT  303 
Query  301  GTTTGGATACCTTCAGCTATGCTGTTAGATTTGACATATTGGGCAACGAGAAGGAATAAA  360 
            ||||||||||||||||| |||||||||||||||||||||||||||||||||||||||||| 
Sbjct  304  GTTTGGATACCTTCAGCAATGCTGTTAGATTTGACATATTGGGCAACGAGAAGGAATAAA  363 
Query  361  CATGCTGCCATCATAATTGGCGGAACATTAGTTGGACTTTCACTGCCAATATTTAATATG  420 
            ||||||||||| |||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  364  CATGCTGCCATTATAATTGGCGGAACATTAGTTGGACTTTCACTGCCAATATTTAATATG  423 
Query  421  ATCAATCTACTGCTGATTAGAGATCCGTTAGAAATGGCATTCAAGTATCCTCGTCCGACA  480 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  424  ATCAATCTACTGCTGATTAGAGATCCGTTAGAAATGGCATTCAAGTATCCTCGTCCGACA  483 
Query  481  TTGCCTCCATACATGACACCAATCGAACCTCAGGTCGGTAAGTTCTACAATAGTCCCGTC  540 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  484  TTGCCTCCATACATGACACCAATCGAACCTCAGGTCGGTAAGTTCTACAATAGTCCCGTC  543 
Query  541  GCGCTAGGATCGGGAGCTGGGGCAGTGCTAAGTGTTCCAATAGCTGCACTAGGTGCTAAA  600 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  544  GCGCTAGGATCGGGAGCTGGGGCAGTGCTAAGTGTTCCAATAGCTGCACTAGGTGCTAAA  603 
Query  601  CTGAATACTTGGACATATAGATGGATGGCCGC  632 
            ||||||||||||||||| |||||||||||||| 
Sbjct  604  CTGAATACTTGGACATACAGATGGATGGCCGC  635 
Uncultured archaeon clone A1714 ammonia monooxygenase (amoA) gene, partial cds
Sequence ID: gb|JN179974.1| Length: 648 Number of Matches: 1
Range 1: 1 to 647
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RID
Database Name
Description
Program
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Description
Molecule type
Query Length
lcl|Query_113635
None
nucleic acid
485
BLAST ® » blastn suite » RID-N98F9JFT014
BLAST Results
Nucleotide Sequence (485 letters)
N98F9JFT014 (Expires on 06-07 06:04 am)
nr
Nucleotide collection (nt)
BLASTN 2.3.1+
Distribution of 105 Blast Hits on the Query Sequence
Graphic Summary
Sequences producing significant alignments:
Descriptions
Description Max
score
Total
score
Query
cover
E
value
Ident Accession
Uncultured Nitrospira sp. clone Namibia-26
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
721 721 93% 0.0 95% KC884931.1
Uncultured Nitrospira sp. clone Namibia-15
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
721 721 93% 0.0 95% KC884924.1
Uncultured Nitrospira sp. clone Namibia-11
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
721 721 93% 0.0 95% KC884920.1
Uncultured Nitrospira sp. clone Namibia-27
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
713 713 93% 0.0 95% KC884932.1
Uncultured Nitrospira sp. clone Namibia-25
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
710 710 93% 0.0 95% KC884930.1
Uncultured Nitrospira sp. clone Namibia-24
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
710 710 93% 0.0 95% KC884929.1
Uncultured Nitrospira sp. clone Namibia-12
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
710 710 93% 0.0 95% KC884921.1
Uncultured Nitrospira sp. clone Namibia-3
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
708 708 93% 0.0 95% KC884916.1
Uncultured Nitrospira sp. clone Namibia-34
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
704 704 93% 0.0 95% KC884935.1
Uncultured Nitrospira sp. clone Namibia-20
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
704 704 93% 0.0 95% KC884927.1
Uncultured Nitrospira sp. clone Namibia-7
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
701 701 93% 0.0 94% KC884919.1
Uncultured bacterium clone otu9 nitrite
oxidoreductase beta-subunit (nxrB) gene,
partial cds
684 684 96% 0.0 93% KU751832.1
Uncultured bacterium clone otu8 nitrite
oxidoreductase beta-subunit (nxrB) gene,
partial cds
682 682 96% 0.0 93% KU751831.1
Uncultured bacterium clone otu11 nitrite
oxidoreductase beta-subunit (nxrB) gene,
partial cds
676 676 96% 0.0 93% KU751834.1
Uncultured Nitrospira sp. clone Namibia-1
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
676 676 93% 0.0 93% KC884915.1
Uncultured Nitrospira sp. clone Namibia-14
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
671 671 93% 0.0 93% KC884923.1
Uncultured Nitrospira sp. clone Namibia-32
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
665 665 93% 0.0 93% KC884934.1
Uncultured Nitrospira sp. clone Namibia-19
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
665 665 93% 0.0 93% KC884926.1
Uncultured Nitrospira sp. clone Namibia-6
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
660 660 93% 0.0 93% KC884918.1
Uncultured Nitrospira sp. clone Namibia-17
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
654 654 93% 0.0 93% KC884925.1
Uncultured Nitrospira sp. clone Namibia-30
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
652 652 93% 0.0 92% KC884933.1
Uncultured bacterium clone otu10 nitrite
oxidoreductase beta-subunit (nxrB) gene,
partial cds
651 651 96% 0.0 92% KU751833.1
Uncultured Nitrospira sp. clone Namibia-36
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
649 649 93% 0.0 92% KC884936.1
Nitrospira moscoviensis strain NSP M-1,
complete genome
641 3098 100% 3e-180 91% CP011801.1
Uncultured bacterium partial nxrB gene for
nitrite oxidoreductase, beta subunit, clone
FG-FJQ-nxrB-34
641 641 100% 3e-180 91% HF936739.1
Uncultured Nitrospira sp. clone HKA-C6
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
636 636 100% 1e-178 90% KC884881.1
Uncultured bacterium partial nxrB gene for
nitrite oxidoreductase, beta subunit, clone
FG-FJQ-nxrB-3
636 636 100% 1e-178 90% HF936738.1
Uncultured bacterium clone otu3 nitrite
oxidoreductase beta-subunit (nxrB) gene,
partial cds
634 634 96% 5e-178 91% KU751826.1
Uncultured Nitrospira sp. clone Gorjachinsk-
5 nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
630 630 100% 7e-177 90% KC884909.1
Nitrospira calida strain Ns10 clone 4 nitrite
oxidoreductase beta subunit (nxrB) gene,
partial cds
630 630 100% 7e-177 90% KC884904.1
Nitrospira calida strain Ns10 clone 3 nitrite
oxidoreductase beta subunit (nxrB) gene,
partial cds
630 630 100% 7e-177 90% KC884895.1
Uncultured Nitrospira sp. clone HKA-B8
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
630 630 100% 7e-177 90% KC884875.1
Uncultured Nitrospira sp. clone VetMed-B9
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
630 630 100% 7e-177 90% KC884864.1
Candidatus Nitrospira bockiana clone 17
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
630 630 100% 7e-177 90% KC884861.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-06
628 628 99% 2e-176 90% AB846851.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-22
627 627 98% 9e-176 90% AB846911.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-26
627 627 98% 9e-176 90% AB846869.1
Uncultured Nitrospira sp. clone Gorjachinsk-
1 nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
625 625 100% 3e-175 90% KC884908.1
Uncultured Nitrospira sp. clone Uzon-X8
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
625 625 100% 3e-175 90% KC884907.1
Uncultured Nitrospira sp. clone Uzon-X10
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
625 625 100% 3e-175 90% KC884906.1
Candidatus Nitrospira bockiana clone 15
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
625 625 100% 3e-175 90% KC884860.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-42
623 623 99% 1e-174 90% AB846884.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-23
623 623 99% 1e-174 90% AB846866.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-09
623 623 99% 1e-174 90% AB846854.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-35
621 621 98% 4e-174 90% AB846878.1
Uncultured Nitrospira sp. clone HKA-B3
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
619 619 100% 1e-173 90% KC884879.1
Uncultured Nitrospira sp. clone HKA-G9
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
619 619 100% 1e-173 90% KC884877.1
Uncultured Nitrospira sp. clone HKA-C8
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
619 619 100% 1e-173 90% KC884874.1
Candidatus Nitrospira bockiana clone 12
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
619 619 100% 1e-173 90% KC884859.1
Nitrospira moscoviensis strain M-1 clone 6
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
619 619 100% 1e-173 90% KC884855.1
Nitrospira moscoviensis strain M-1 clone 3
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
619 619 100% 1e-173 90% KC884854.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-24
617 617 99% 5e-173 90% AB846867.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-15
617 617 99% 5e-173 90% AB846859.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-11
617 617 99% 5e-173 90% AB846855.1
Uncultured bacterium clone otu21 nitrite
oxidoreductase beta-subunit (nxrB) gene,
partial cds
616 616 96% 2e-172 90% KU751844.1
Uncultured bacterium nxrB gene, nitrite
oxidoreductase beta subunit, partial
sequence, clone: nsxB-38
616 616 98% 2e-172 90% AB846912.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-07
616 616 98% 2e-172 90% AB846852.1
Uncultured Nitrospira sp. clone HKA-C10
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
614 614 100% 7e-172 90% KC884882.1
Uncultured Nitrospira sp. clone HKA-E8
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
614 614 100% 7e-172 89% KC884878.1
Uncultured Nitrospira sp. clone VetMed-B8
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
614 614 100% 7e-172 90% KC884863.1
Nitrospira moscoviensis strain M-1 clone 17
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
614 614 100% 7e-172 89% KC884857.1
Nitrospira moscoviensis strain M-1 clone 11
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
614 614 100% 7e-172 89% KC884856.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-32
612 612 99% 2e-171 90% AB846875.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-28
612 612 98% 2e-171 90% AB846871.1
Nitrospira calida strain Ns10 clone 1 nitrite
oxidoreductase beta subunit (nxrB) gene,
partial cds
610 610 100% 9e-171 89% KC884905.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-02
610 610 99% 9e-171 90% AB846847.1
Uncultured Nitrospira sp. clone VetMed-B6
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
608 608 100% 3e-170 89% KC884862.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-41
606 606 99% 1e-169 89% AB846883.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-20
606 606 99% 1e-169 89% AB846864.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-39
604 604 98% 4e-169 89% AB846881.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-21
604 604 98% 4e-169 89% AB846865.1
Uncultured Nitrospira sp. clone HKA-C7
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
603 603 100% 1e-168 89% KC884873.1
Uncultured Nitrospira sp. clone VetMed-
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
603 603 100% 1e-168 89% KC884865.1
Candidatus Nitrospira defluvii chromosome,
complete genome
603 1206 100% 1e-168 89% FP929003.1
Uncultured bacterium clone otu1 nitrite
oxidoreductase beta-subunit (nxrB) gene,
partial cds
601 601 96% 5e-168 90% KU751824.1
Uncultured bacterium clone otu17 nitrite
oxidoreductase beta-subunit (nxrB) gene,
partial cds
599 599 96% 2e-167 90% KU751840.1
Uncultured bacterium clone otu12 nitrite
oxidoreductase beta-subunit (nxrB) gene,
partial cds
599 599 96% 2e-167 90% KU751835.1
Nitrospira moscoviensis strain M-1 clone 20
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
597 597 100% 7e-167 89% KC884858.1
Uncultured bacterium clone otu5 nitrite
oxidoreductase beta-subunit (nxrB) gene,
partial cds
595 595 96% 2e-166 90% KU751828.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-36
593 593 96% 9e-166 90% AB846879.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-31
593 593 98% 9e-166 89% AB846874.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds, 593 593 98% 9e-166 89% AB846849.1
Uncultured Nitrospira sp. clone Namibia-26 nitrite oxidoreductase beta subunit (nxrB) gene, partial cds
Sequence ID: gb|KC884931.1| Length: 453 Number of Matches: 1
clone: nsxB-04
Uncultured Nitrospira sp. clone HKA-C17
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
592 592 100% 3e-165 89% KC884884.1
Uncultured Nitrospira sp. clone VetMed-C5
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
592 592 100% 3e-165 89% KC884866.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-30
592 592 96% 3e-165 90% AB846873.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-40
590 590 99% 1e-164 89% AB846882.1
Uncultured bacterium clone otu22 nitrite
oxidoreductase beta-subunit (nxrB) gene,
partial cds
588 588 96% 4e-164 89% KU751845.1
Uncultured bacterium nxrB gene, nitrite
oxidoreductase beta subunit, partial
sequence, clone: nsxB-10
588 588 98% 4e-164 89% AB846910.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-25
588 588 98% 4e-164 89% AB846868.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-16
588 588 98% 4e-164 89% AB846860.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-13
588 588 98% 4e-164 89% AB846857.1
Uncultured Nitrospira sp. clone
Klausenleopoldsdorf-S5 nitrite
oxidoreductase beta subunit (nxrB) gene,
partial cds
580 580 100% 7e-162 88% KC884887.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-33
580 580 98% 7e-162 89% AB846876.1
Uncultured bacterium clone otu14 nitrite
oxidoreductase beta-subunit (nxrB) gene,
partial cds
579 579 96% 2e-161 89% KU751837.1
Uncultured bacterium clone otu18 nitrite
oxidoreductase beta-subunit (nxrB) gene,
partial cds
577 577 96% 9e-161 89% KU751841.1
Uncultured bacterium clone otu20 nitrite
oxidoreductase beta-subunit (nxrB) gene,
partial cds
571 571 92% 4e-159 90% KU751843.1
Uncultured bacterium clone otu13 nitrite
oxidoreductase beta-subunit (nxrB) gene,
partial cds
571 571 96% 4e-159 89% KU751836.1
Uncultured bacterium clone otu4 nitrite
oxidoreductase beta-subunit (nxrB) gene,
partial cds
571 571 96% 4e-159 89% KU751827.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nsxB-34
571 571 96% 4e-159 89% AB846877.1
Uncultured Nitrospira sp. clone Namibia-4
nitrite oxidoreductase beta subunit (nxrB)
gene, partial cds
569 569 93% 1e-158 89% KC884917.1
Alignments
Range 1: 1 to 453
Score Expect Identities Gaps Strand Frame
721 bits(390) 0.0() 432/453(95%) 0/453(0%) Plus/Plus
Features:
Query  17   ACGTGGAGACCAAGCCCTACGGCGGGTATCCGCAGTTCTACGACGTGAAGATCACCCAGT  76 
            |||||||||||||||||||||||||||| |||||||||||||||||||||||||| |||| 
Sbjct  1    ACGTGGAGACCAAGCCCTACGGCGGGTACCCGCAGTTCTACGACGTGAAGATCACGCAGT  60 
Query  77   TAGTCGAGCAGGTGAACCCAGGCGGGCAGGTGTGGAACGTGCGGGTCGGCCGCAAGCACC  136 
            |||| |||||||||||||| |||||||||||||||||||||||||||||||||||||||| 
Sbjct  61   TAGTGGAGCAGGTGAACCCGGGCGGGCAGGTGTGGAACGTGCGGGTCGGCCGCAAGCACC  120 
Query  137  ATGCGCCCTATGGGGTGTTCGAAGGGATGACCATTTTCGACGCGGGCGCCAAAGTGGGCC  196 
            |||||||||| ||||||||||||||||||||||||||||| || || ||||||||||||| 
Sbjct  121  ATGCGCCCTACGGGGTGTTCGAAGGGATGACCATTTTCGATGCCGGGGCCAAAGTGGGCC  180 
Query  197  AGGCGGCGATCGGCTATATCCCCACGGACCAGGAATGGCGGTTCGTCAACATCTACGAGG  256 
            |||||||||||||||| ||||| ||||||||||| ||||||||||| ||||||||||||| 
Sbjct  181  AGGCGGCGATCGGCTACATCCCGACGGACCAGGAGTGGCGGTTCGTGAACATCTACGAGG  240 
Query  257  ACACCGCGACCTCGATGCGCTCCCTGGTGGAGGGCATCGATAAGTCCGGTTTCTCGCGGG  316 
            ||||||||||||||||||||||| ||||||| ||||||||||||||||| |||||||||| 
Sbjct  241  ACACCGCGACCTCGATGCGCTCCTTGGTGGAAGGCATCGATAAGTCCGGCTTCTCGCGGG  300 
Query  317  ATGAACCGTGGCGCCTCACCGGCAGCAGCCTGCCGGAGCATGAGACGTTCTTCTTCTACC  376 
            ||||||||||||||||||||||||||||| |||||||||||||||||||||||||||||| 
Sbjct  301  ATGAACCGTGGCGCCTCACCGGCAGCAGCTTGCCGGAGCATGAGACGTTCTTCTTCTACC  360 
Query  377  TGCAGCGGATCTGTAACCACTGTACGTACCCGGGGTGCCTGGCGGCCTGTCCGCGCAAGG  436 
            |||||||||||||||||||||| || ||||| || ||||||||||| ||||||||||||| 
Sbjct  361  TGCAGCGGATCTGTAACCACTGCACCTACCCCGGATGCCTGGCGGCTTGTCCGCGCAAGG  420 
Query  437  CGATCTACAAGCGGCCGGAAGACGGCATCGTGC  469 
            ||||||||||||||||||||||||||||||||| 
Sbjct  421  CGATCTACAAGCGGCCGGAAGACGGCATCGTGC  453 
Uncultured Nitrospira sp. clone Namibia-15 nitrite oxidoreductase beta subunit (nxrB) gene, partial cds
Sequence ID: gb|KC884924.1| Length: 453 Number of Matches: 1
Range 1: 1 to 453
Score Expect Identities Gaps Strand Frame
721 bits(390) 0.0() 432/453(95%) 0/453(0%) Plus/Plus
Features:
Query  17   ACGTGGAGACCAAGCCCTACGGCGGGTATCCGCAGTTCTACGACGTGAAGATCACCCAGT  76 
            |||||||||||||||||||||||||||| |||||||||||||||||||||||||| |||| 
Sbjct  1    ACGTGGAGACCAAGCCCTACGGCGGGTACCCGCAGTTCTACGACGTGAAGATCACGCAGT  60 
Query  77   TAGTCGAGCAGGTGAACCCAGGCGGGCAGGTGTGGAACGTGCGGGTCGGCCGCAAGCACC  136 
            |||| |||||||||||||| |||||||||||||||||||||||||||||||||||||||| 
Sbjct  61   TAGTGGAGCAGGTGAACCCGGGCGGGCAGGTGTGGAACGTGCGGGTCGGCCGCAAGCACC  120 
Query  137  ATGCGCCCTATGGGGTGTTCGAAGGGATGACCATTTTCGACGCGGGCGCCAAAGTGGGCC  196 
            |||||||||| ||||||||||||||||||||||||||||| || || ||||||||||||| 
Sbjct  121  ATGCGCCCTACGGGGTGTTCGAAGGGATGACCATTTTCGATGCCGGGGCCAAAGTGGGCC  180 
Query  197  AGGCGGCGATCGGCTATATCCCCACGGACCAGGAATGGCGGTTCGTCAACATCTACGAGG  256 
            |||| ||||||||||| ||||| ||||||||||| ||||||||||||||||||||||||| 
Sbjct  181  AGGCCGCGATCGGCTACATCCCGACGGACCAGGAGTGGCGGTTCGTCAACATCTACGAGG  240 
Query  257  ACACCGCGACCTCGATGCGCTCCCTGGTGGAGGGCATCGATAAGTCCGGTTTCTCGCGGG  316 
            ||||||||||||||||||||||| ||||||| ||||||||||||||||| |||||||||| 
Sbjct  241  ACACCGCGACCTCGATGCGCTCCTTGGTGGAAGGCATCGATAAGTCCGGCTTCTCGCGGG  300 
Query  317  ATGAACCGTGGCGCCTCACCGGCAGCAGCCTGCCGGAGCATGAGACGTTCTTCTTCTACC  376 
            ||||||||||||||||||||||||||||| |||||||||||||||||||||||||||||| 
Sbjct  301  ATGAACCGTGGCGCCTCACCGGCAGCAGCTTGCCGGAGCATGAGACGTTCTTCTTCTACC  360 
Query  377  TGCAGCGGATCTGTAACCACTGTACGTACCCGGGGTGCCTGGCGGCCTGTCCGCGCAAGG  436 
            |||||||||||||||||||||| || ||||| || ||||||||||| ||||||||||||| 
Sbjct  361  TGCAGCGGATCTGTAACCACTGCACCTACCCCGGATGCCTGGCGGCTTGTCCGCGCAAGG  420 
Query  437  CGATCTACAAGCGGCCGGAAGACGGCATCGTGC  469 
            ||||||||||||||||||||||||||||||||| 
Sbjct  421  CGATCTACAAGCGGCCGGAAGACGGCATCGTGC  453 
Uncultured Nitrospira sp. clone Namibia-11 nitrite oxidoreductase beta subunit (nxrB) gene, partial cds
Sequence ID: gb|KC884920.1| Length: 453 Number of Matches: 1
Range 1: 1 to 453
Score Expect Identities Gaps Strand Frame
  
 
 
 
 
 
Appendix 4 
RID
Database Name
Description
Program
Query ID
Description
Molecule type
Query Length
lcl|Query_28057
None
nucleic acid
410
BLAST ® » blastn suite » RID-NPBBKVH901R
BLAST Results
Nucleotide Sequence (410 letters)
NPBBKVH901R (Expires on 06-12 05:13 am)
nr
Nucleotide collection (nt)
BLASTN 2.3.1+
Distribution of 102 Blast Hits on the Query Sequence
Graphic Summary
Sequences producing significant alignments:
Descriptions
Description Max
score
Total
score
Query
cover
E
value
Ident Accession
Nitrobacter sp. 263 partial nxrB1 gene for
nitrite oxidoreductase, strain 263
664 664 90% 0.0 99% AM286333.1
Nitrobacter sp. NRB5220 nitrite
oxidoreductase beta subunit (norB) gene,
complete cds
614 614 100% 6e-172 94% AY508480.1
Uncultured nitrite-oxidizing bacterium clone
NXR28 nitrite oxidoreductase (nxrB1) gene,
partial cds
597 597 100% 6e-167 93% FJ356273.1
Nitrobacter winogradskyi clone SNN11 nitrite
oxidordeuctase B subunit (nxrB) gene,
partial cds
592 592 100% 3e-165 93% KC769065.1
Uncultured nitrite-oxidizing bacterium clone
NXR20 nitrite oxidoreductase (nxrB1) gene,
partial cds
592 592 100% 3e-165 93% FJ356270.1
Nitrobacter winogradskyi clone SNN12 nitrite
oxidordeuctase B subunit (nxrB) gene,
partial cds
586 586 100% 1e-163 92% KC769066.1
Nitrobacter hamburgensis clone SNN1 nitrite
oxidordeuctase B subunit (nxrB) gene,
partial cds
586 586 100% 1e-163 92% KC769055.1
Nitrobacter sp. enrichment culture clone N3
nitrite oxidoreductase beta subunit gene,
complete cds
586 586 100% 1e-163 92% HM215620.1
Uncultured nitrite-oxidizing bacterium clone
NXR41 nitrite oxidoreductase (nxrB1) gene,
partial cds
586 586 100% 1e-163 92% FJ356274.1
Uncultured nitrite-oxidizing bacterium clone
NXR21 nitrite oxidoreductase (nxrB1) gene,
partial cds
586 586 100% 1e-163 92% FJ356271.1
Uncultured nitrite-oxidizing bacterium clone
NXR17 nitrite oxidoreductase (nxrB1) gene,
partial cds
586 586 100% 1e-163 92% FJ356269.1
Uncultured Nitrobacter sp. clone A2_NorB2
nitrite oxidoreductase (norB) gene, partial
cds
586 586 100% 1e-163 92% DQ857310.1
Uncultured nitrite-oxidizing bacterium clone
NXR23 nitrite oxidoreductase (nxrB1) gene,
partial cds
580 580 100% 6e-162 92% FJ356272.1
Nitrobacter winogradskyi NorB (norB) gene,
partial cds
580 580 100% 6e-162 92% L76189.1
Nitrobacter winogradskyi NorB (norB) gene,
partial cds
580 580 100% 6e-162 92% L76188.1
Nitrobacter winogradskyi strain ATCC 14123
nitrite oxidoreductase beta subunit (norB)
gene, complete cds
580 580 100% 6e-162 92% AY508477.1
Nitrobacter winogradskyi Nb-255, complete
genome
575 1145 100% 3e-160 92% CP000115.1
Nitrobacter winogradskyi strain IFO12497
nitrite oxidoreductase beta subunit (norB)
gene, complete cds
575 575 100% 3e-160 92% AY508478.1
Uncultured Nitrobacter sp. clone A2_NorB4
nitrite oxidoreductase (norB) gene, partial
cds
569 569 100% 1e-158 92% DQ857312.1
Uncultured Nitrobacter sp. clone A2_NorB1
nitrite oxidoreductase (norB) gene, partial
cds
569 569 100% 1e-158 92% DQ857309.1
Nitrobacter sp. PBAB17 nitrite
oxidoreductase beta subunit (norB) gene,
complete cds
569 569 100% 1e-158 92% AY508483.1
Nitrobacter sp. KB212 nitrite oxidoreductase
beta subunit (norB) gene, complete cds
569 569 100% 1e-158 92% AY508481.1
Nitrobacter winogradskyi NorB (norB) gene,
partial cds
564 564 100% 6e-157 91% L76187.1
Nitrobacter hamburgensis X14, complete
genome
558 1106 100% 3e-155 91% CP000319.1
Nitrobacter sp. NorB (norB) gene, partial
cds
558 558 100% 3e-155 91% L76190.1
Nitrobacter hamburgensis NorB (norB) gene,
partial cds
558 558 100% 3e-155 91% L76186.1
N.hamburgensis norB gene for nitrite
oxidoreductase (beta subunit)
558 558 100% 3e-155 91% X66067.1
Nitrobacter sp. HTN8 nitrite oxidoreductase
beta subunit (norB) gene, complete cds
553 553 100% 1e-153 91% AY508482.1
Uncultured bacterium partial nxrB1 gene for
nitrite oxidoreductase, clone 176-10
547 547 90% 6e-152 93% FR729918.1
Nitrobacter sp. 219 partial nxrB1 gene for
nitrite oxidoreductase, strain 219
547 547 90% 6e-152 93% AM286325.1
Nitrobacter hamburgensis NorB (norB) gene,
partial cds
547 547 100% 6e-152 91% L76185.1
Nitrobacter sp. PJN1 nitrite oxidoreductase
beta subunit (norB) gene, complete cds
547 547 100% 6e-152 91% AY508479.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-05
544 544 96% 8e-151 91% AB846889.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-16
542 542 96% 3e-150 91% AB846900.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-12
542 542 96% 3e-150 91% AB846896.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-06
542 542 96% 3e-150 91% AB846890.1
Uncultured bacterium partial nxrB1 gene for
nitrite oxidoreductase, clone 176-8
542 542 90% 3e-150 93% FR729916.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-24
540 540 96% 1e-149 91% AB846908.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-19
538 538 92% 4e-149 92% AB846903.1
Uncultured bacterium partial nxrB1 gene for
nitrite oxidoreductase, clone 176-1
536 536 90% 1e-148 93% FR729911.1
Nitrobacter agilis partial norB gene for nitrite
oxidoreductase beta subunit, strain ATCC
14123
534 534 95% 5e-148 91% AM114514.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-23
532 532 94% 2e-147 91% AB846907.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-21
532 532 91% 2e-147 92% AB846905.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-15
532 532 93% 2e-147 92% AB846899.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-14
532 532 94% 2e-147 91% AB846898.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-09
532 532 93% 2e-147 92% AB846893.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-01
532 532 96% 2e-147 91% AB846885.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-18
531 531 96% 6e-147 91% AB846902.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-02
531 531 96% 6e-147 91% AB846886.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-25
529 529 96% 2e-146 91% AB846909.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-20
527 527 95% 8e-146 91% AB846904.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-08
527 527 93% 8e-146 91% AB846892.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-07
527 527 94% 8e-146 91% AB846891.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-03
527 527 93% 8e-146 91% AB846887.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-04
525 525 96% 3e-145 91% AB846888.1
Uncultured bacterium partial nxrB1 gene for
nitrite oxidoreductase, clone 176-2
525 525 90% 3e-145 92% FR729912.1
Nitrobacter sp. BS5/19 partial nxrB1 gene for
nitrite oxidoreductase, strain BS5/19
525 525 89% 3e-145 93% AM286337.1
Nitrobacter vulgaris partial norB gene for
nitrite oxidoreductase beta subunit, type
strain DSM 10236T
525 525 93% 3e-145 91% AM114513.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-17
521 521 93% 4e-144 91% AB846901.1
Uncultured bacterium partial nxrB1 gene for
nitrite oxidoreductase, clone 176-4
520 520 90% 1e-143 92% FR729914.1
Uncultured bacterium partial nxrB1 gene for
nitrite oxidoreductase, clone 176-3
520 520 90% 1e-143 92% FR729913.1
Nitrobacter sp. 311 partial nxrB1 gene for
nitrite oxidoreductase, strain 311
518 518 90% 5e-143 92% AM286347.1
Nitrobacter sp. partial norB gene for nitrite
oxidoreductase beta subunit, clone NB10
518 518 90% 5e-143 92% AM114499.1
Nitrobacter sp. partial norB gene for nitrite
oxidoreductase beta subunit, clone NB9
518 518 90% 5e-143 92% AM114498.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-22
516 516 91% 2e-142 91% AB846906.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-13
516 516 92% 2e-142 91% AB846897.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds, 516 516 92% 2e-142 91% AB846894.1
clone: nbxB-10
Nitrobacter sp. partial norB gene for nitrite
oxidoreductase beta subunit, clone NB19
516 516 90% 2e-142 91% AM114508.1
Uncultured bacterium nxrB gene for nitrite
oxidoreductase beta subunit, partial cds,
clone: nbxB-11
514 514 96% 6e-142 90% AB846895.1
Uncultured bacterium partial nxrB1 gene for
nitrite oxidoreductase, clone 176-7
512 512 90% 2e-141 92% FR729915.1
Nitrobacter hamburgensis partial nxrB1 gene
for nitrite oxidoreductase, strain Y
512 512 90% 2e-141 92% AM286346.1
Nitrobacter sp. Nato partial nxrB1 gene for
nitrite oxidoreductase, strain Nato
512 512 90% 2e-141 92% AM286326.1
Nitrobacter winogradskyi partial nxrB1 gene
for nitrite oxidoreductase, strain ATCC
14123
512 512 90% 2e-141 92% AM286322.1
Nitrobacter sp. partial norB gene for nitrite
oxidoreductase beta subunit, clone NB18
512 512 90% 2e-141 92% AM114507.1
Nitrobacter sp. partial norB gene for nitrite
oxidoreductase beta subunit, clone NB8
512 512 90% 2e-141 92% AM114497.1
Nitrobacter sp. partial norB gene for nitrite
oxidoreductase beta subunit, clone NB2
512 512 90% 2e-141 92% AM114491.1
Nitrobacter sp. partial norB gene for nitrite
oxidoreductase beta subunit, clone NB7
508 508 90% 3e-140 91% AM114496.1
Nitrobacter winogradskyi partial nxrB1 gene
for nitrite oxidoreductase, strain ATCC
25391
507 507 90% 1e-139 91% AM286323.1
Nitrobacter sp. partial norB gene for nitrite
oxidoreductase beta subunit, clone NB5
507 507 90% 1e-139 91% AM114494.1
Nitrobacter winogradskyi partial norB gene
for nitrite oxidoreductase beta subunit, type
strain ATCC 25391T
505 505 90% 4e-139 91% AM114512.1
Nitrobacter sp. partial norB gene for nitrite
oxidoreductase beta subunit, clone NB17
505 505 90% 4e-139 91% AM114506.1
Nitrobacter sp. AB3 partial nxrB1 gene for
nitrite oxidoreductase, strain AB3
501 501 88% 5e-138 91% AM286338.1
Nitrobacter sp. GT oman partial nxrB1 gene
for nitrite oxidoreductase, strain GT oman
501 501 90% 5e-138 91% AM286329.1
Nitrobacter vulgaris partial nxrB1 gene for
nitrite oxidoreductase, strain DSM10236T
501 501 90% 5e-138 91% AM286321.1
Nitrobacter sp. partial norB gene for nitrite
oxidoreductase beta subunit, clone NB21 501 501 90% 5e-138 91% AM114510.1
Nitrobacter sp. partial norB gene for nitrite
oxidoreductase beta subunit, clone NB1
501 501 90% 5e-138 91% AM114490.1
Nitrobacter sp. 5F/3 partial nxrB1 gene for
nitrite oxidoreductase, strain 5F/3
497 497 86% 6e-137 92% AM286334.1
Nitrobacter sp. partial norB gene for nitrite
oxidoreductase beta subunit, clone NB4
497 497 89% 6e-137 91% AM114493.1
Nitrobacter sp. Io acid partial nxrB1 gene for
nitrite oxidoreductase, strain Io acid
496 496 90% 2e-136 91% AM286345.1
Nitrobacter sp. partial norB gene for nitrite
oxidoreductase beta subunit, clone NB3
496 496 90% 2e-136 91% AM114492.1
Nitrobacter vulgaris partial nxrB1 gene for
nitrite oxidoreductase, strain 339
492 492 90% 3e-135 91% AM286328.1
Nitrobacter sp. D6/13 partial nxrB1 gene for
nitrite oxidoreductase, strain D6/13
490 490 90% 1e-134 91% AM286344.1
Nitrobacter vulgaris partial nxrB1 gene for
nitrite oxidoreductase, strain K48
490 490 90% 1e-134 91% AM286331.1
Nitrobacter alkalicus partial norB gene for
nitrite oxidoreductase beta subunit, strain 490 490 90% 1e-134 91% AM114515.1
Nitrobacter sp. 263 partial nxrB1 gene for nitrite oxidoreductase, strain 263
Sequence ID: emb|AM286333.1| Length: 371 Number of Matches: 1
Range 1: 1 to 371
Score Expect Identities Gaps Strand Frame
664 bits(359) 0.0() 367/371(99%) 0/371(0%) Plus/Minus
Features:
Query  21   TCTGGCGCATCTCCTCGTCGGAGGCGCCGTCAAAGTTCGGATCGTTGTTGGCATAAACCT  80 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  371  TCTGGCGCATCTCCTCGTCGGAGGCGCCGTCAAAGTTCGGATCGTTGTTGGCATAAACCT  312 
Query  81   GCGAACCGCCGAGGTCGTCGTCCCAGTTCGGGCCTGCCTCGATGGTGTCCATGTACTTGC  140 
            ||||||||||||| |||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  311  GCGAACCGCCGAGATCGTCGTCCCAGTTCGGGCCTGCCTCGATGGTGTCCATGTACTTGC  252 
Query  141  CGGTCACCATCGAGATCGCGCGCGCGGTCGGCTGCTCGTCGGCCAGCGGCGCATTGATCA  200 
            |||||||||||||||||||||| ||||||||||||||||||||||||||||||||||||| 
Sbjct  251  CGGTCACCATCGAGATCGCGCGTGCGGTCGGCTGCTCGTCGGCCAGCGGCGCATTGATCA  192 
Query  201  GGTTCTGGTAATCGTAGGTCCAGGGTTCGAAATAGTCATCAAGCGTCGGCAGATAGGGAT  260 
            |||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||| 
Sbjct  191  GGTTCTGGTAATCGTAGGTCCAGGGTTCGAAATAGTCATCGAGCGTCGGCAGATAGGGAT  132 
Query  261  TGTAGAAGATGTTGCTCAGCGTTCCCCACTTGCCCTGCAGCCGCAGCCGCAAGCTCTTCT  320 
            ||||||||||||||||||||||||||||||||||||||||||| |||||||||||||||| 
Sbjct  131  TGTAGAAGATGTTGCTCAGCGTTCCCCACTTGCCCTGCAGCCGTAGCCGCAAGCTCTTCT  72 
Query  321  GCCTCTGACCGTCGACGACCCAGCCGCCGCGGTATTTGGTCTGGTCTTCCCAACGGGTCG  380 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  71   GCCTCTGACCGTCGACGACCCAGCCGCCGCGGTATTTGGTCTGGTCTTCCCAACGGGTCG  12 
Query  381  GATAGCCGGTG  391 
            ||||||||||| 
Sbjct  11   GATAGCCGGTG  1 
Nitrobacter sp. NRB5220 nitrite oxidoreductase beta subunit (norB) gene, complete cds
Sequence ID: gb|AY508480.1| Length: 1542 Number of Matches: 1
Range 1: 128 to 537
Score Expect Identities Gaps Strand Frame
614 bits(332) 6e-172() 384/410(94%) 0/410(0%) Plus/Minus
Features:
Query  1    CGTGCTGTTGATCTCGTTGATCTGGCGCATCTCCTCGTCGGAGGCGCCGTCAAAGTTCGG  60 
            |||||||||||||||||||||||||||||| ||||||||||||||||| || |||||||| 
Sbjct  537  CGTGCTGTTGATCTCGTTGATCTGGCGCATTTCCTCGTCGGAGGCGCCATCGAAGTTCGG  478 
Query  61   ATCGTTGTTGGCATAAACCTGCGAACCGCCGAGGTCGTCGTCCCAGTTCGGGCCTGCCTC  120 
            ||||||||| || || ||||||||||||||||||||||||||||||||||| || ||||| 
Sbjct  477  ATCGTTGTTCGCGTAGACCTGCGAACCGCCGAGGTCGTCGTCCCAGTTCGGTCCCGCCTC  418 
Query  121  GATGGTGTCCATGTACTTGCCGGTCACCATCGAGATCGCGCGCGCGGTCGGCTGCTCGTC  180 
            |||||||||||||||||||||||||||||||||||||||||| ||||||||||||||||| 
Sbjct  417  GATGGTGTCCATGTACTTGCCGGTCACCATCGAGATCGCGCGGGCGGTCGGCTGCTCGTC  358 
AN2
Nitrobacter sp. LIP partial nxrB1 gene for
nitrite oxidoreductase, strain LIP
486 486 86% 1e-133 91% AM286335.1
Nitrobacter sp. Termite2 partial nxrB1 gene
for nitrite oxidoreductase, strain Termite2
484 484 90% 5e-133 90% AM286341.1
Nitrobacter sp. partial norB gene for nitrite
oxidoreductase beta subunit, clone NB11
475 475 83% 3e-130 92% AM114500.1
Nitrobacter sp. Yukatan partial nxrB1 gene
for nitrite oxidoreductase, strain Yukatan
473 473 90% 1e-129 90% AM286342.1
Nitrobacter sp. 4111/1 partial nxrB1 gene for
nitrite oxidoreductase, strain 4111/1
470 470 90% 1e-128 89% AM286336.1
Nitrobacter vulgaris partial nxrB1 gene for
nitrite oxidoreductase, strain 329
468 468 90% 5e-128 89% AM286340.1
Alignments
See 1 more title(s)
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